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ABSTRACT

Chlorinated ethenes are known or suspected carcinogens. They are also
among the most frequently detected organic groundwater contaminants because
of wide use and poor disposal practices. Within anaerobic aquifer systems,
Fe(III) reduction is a prevalent terminal electron accepting process and has often
been reported as a competitive electron acceptor with respect to trichloroethene
(TCE), cis-dichloroethene (cis-DCE), and vinyl chloride (VC) reduction. Often,
practitioners add excessive amounts of electron donor to compensate for this
competition in an effort to avoid incomplete dechlorination or “cis-DCE and VC
stall.” Contaminated aquifer material incubations were setup to assess
dechlorination rates and extent under Fe(III)-reducing conditions, and to evaluate
whether excessive electron donor additions increase either the rate or extent of
complete dechlorination of TCE or VC using acetate and vegetable oil-based
electron donors.
Sediment batch experiments were constructed to specifically assess how
Fe(III) speciation and the presence of electron shuttles influenced VC
dechlorination. Four treatments were investigated: (1) VC +10 mM ferrihydrite;
(2) VC + 10 mM Fe(III)-NTA; (3) VC + 10 mM ferrihydrite + 500 µM AQDS; and
(4) VC + 5 mM AQDS. Sediment batch experiments were also set up to
specifically evaluate how electron donor concentration affected TCE and VC
reduction using acetate and vegetable oils (Newman Zone® Standard without
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sodium lactate, CAP 18 ME, EOS 598B42) as sole electron donors. Three
electron donor strategies were investigated for each series. The first donor
strategy was operationally defined as “stoichiometric,” in which the electron
donor concentration was balanced “electron to electron” with either the TCE or
VC present and going to ethene. The second and third approaches were an
“excessive” electron donor approach in which 5x and 10x the necessary
stoichiometric amount of electron donor was added.
The results of the Fe(III) speciation and electron shuttle batch study
suggest Fe(III) is not inhibitory to complete dechlorination. In all incubations
amended with Fe(III), VC was completely reduced to ethene, but the rate of VC
reduction was faster in incubations that were not amended with Fe(III), which
suggest that the presence of Fe(III) may slow the rate of reductive dechlorination.
The results of the high versus low electron donor batch studies
demonstrate that TCE and VC were completely degraded when the vegetable
oils were amended at stoichiometric and excessive concentrations. Methane
accumulations were similar regardless of the treatment applied. TCE and VC
reduction were partially degraded in the presence of acetate, regardless of the
concentration. Fe(III) reduction did not inhibit ethene production. The data
suggest that the addition of substrate may not be necessary if the supply of
indigenous electron donor is sufficient and the appropriate microorganisms are
present. If electron donor should be added, amendments can start low and be
increased.
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CHAPTER ONE: BACKGROUND

1.1 Introduction
The pollution of aquifers has contributed to a decline in the quantity and
quality of global water resources. Groundwater makes up 97.6% of the available
freshwater in the world and nearly 50% of people in the United States receive
their drinking water from groundwater (EPA, 1984; Kenny et al., 2009; Spiel et
al., 1987; Zogorski et al., 2006). The withdrawal rates from U.S. aquifers have
increased 70% between 1950 and 2000 (Zogorski et al., 2006). As the
dependence on groundwater as a source of drinking water has increased,
concern over the contamination of these supplies has grown considerably.
A common threat to groundwater supplies is contamination by
chlorinated ethenes, which are among the most frequently detected pollutants
in the U.S. (Moran et al., 2007; NRC, 1994). Tetrachloroethene (PCE) and
trichloroethene (TCE) were extensively used from the early 1920s through the
1970s, mainly as degreasing and cleaning agents (Bakke et al., 2007;
Doherty, 2000a, Doherty, 2000b). Although use and production have declined
since the 1970s due to environmental concerns, they are still used as dry
cleaning and industrial solvents, and can be found in a variety of household
and consumer products (Bakke et al., 2007; Doherty, 2000a; Doherty, 2000b;
EPA, 1980; US EPA, 1994; EPA, 2004; Lee et al., 1998; Morgan et al., 2007).
Extensive use and poor disposal practices have resulted in widespread soil
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and groundwater contamination. Prior to the 1970s, common sources of
contamination included leaky underground disposal tanks, dumping into
landfills, and discharging directly on to the ground (Bakke et al., 2007;
Doherty, 2000a; Doherty 2000b; EPA, 2004). In the 1970s and 1980s, the
Clean Water Act; the Safe Drinking Water Act; the Toxic Substance Control
Act; the Comprehensive, Environmental Response, Compensation, and
Liability Act; and the Resource Conservation and Recovery Act were passed
to regulate (in one way or another) the use and disposal of these compounds.
As such, the use and production of PCE and TCE has declined but not
stopped (Bakke et al., 2007; Doherty, 2000a; Doherty, 2000b). Despite these
regulations, PCE and TCE are still frequently released to the environment.
According to the U.S. Environmental Protection Agency (EPA) Toxics
Release Inventory, during 2012 total on- and off-site releases of PCE and
TCE averaged about 1 million pounds and 2.3 million pounds, respectively
(EPA, 2014).
VC is a known human carcinogen, and PCE, TCE and cis-DCE are
suspected human carcinogens (Harper et al., 1996; Kielhorn et al., 2000;
Stevens and Eisenman, 1997; Todd et al., 2006; Williams-Johnson et al., 1997).
VC, TCE, PCE and cis-DCE ranked 1, 16, 33, and 177, respectively, on the
Agency for Toxic Substrates and Disease Registry’s list for the 2013 Priority List
of Hazardous Substances, which factors in the frequency, toxicity and potential
for human exposure at National Priority List sites (ATSDR, 2014). The EPA has
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set the maximum concentration level (MCL) in drinking water for VC, TCE, PCE
and cis-DCE at 2 µg/L, 5 µg/L, 5 µg/L and 70 µg/L, respectively (EPA, 2009).
These observations clearly indicate that chlorinated ethenes still pose a
significant risk to public health.
PCE and TCE, being dense nonaqueous-phase liquids (DNAPLs), serve
as potential long term sources for groundwater contamination as they dissolve
yielding concentrations, although measured in parts per billion or million, far
exceeding MCLs for these contaminants. However, several microorganisms,
called halorespirers, have been identified that can degrade the chlorinated
ethenes to less toxic compounds by using them as electron acceptors for growth
and energy (Adrian et al., 2000, Cupples et al., 2003). Halorespirers are found in
many phylogenetic groups, but the Dehalococcoides genus within the phylum
Chloroflexi has received the most attention because they are the only known
microbes know that can respire cis-DCE and VC to ethene (Lӧeffler et al., 2005;
McCarty, 1997; Maymó-Gateel et al., 1997). Under anaerobic conditions, PCE
can be sequentially transformed to TCE, dichloroethene (DCE) isomers (usually
cis-DCE), vinyl chloride (VC), ethene and ethane (Bruin et al., 1992; Lӧffler &
Edwards, 2006; McCarty, 1997). However, incomplete dechlorination of TCE
can occur, which will result in the accumulation of cis-DCE and/or VC (Bouwer
and McCarty, 1983; Gibson et al., 1994; Lee et al., 1998; Heimann et al.; 2006;
Rodriguez et al., 2004; Scheutz et al., 2010; Wei and Finneran, 2013).
Dehalococcoides mccartyi is the only known species that can completely reduce
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PCE to ethene without yielding an accumulation of cis-DCE and VC (Lӧeffler et
al., 2012). However, there are many different strains of D. mccarti with unique
metabolic properties (Lӧeffler et al., 2012).

Rapid and complete

dechlorination may be impeded by alternative terminal electron accepting
processes (TEAP) that compete with reductive dechlorinators for electron
donors, such as H2 (Chapelle, 1997; Lӧeffler et al., 2005). Denitrifers,
methanogens, acetogens, sulfate reducers, and Fe(III)-reducers have all been
cited as competing microbial populations. However, Fe(III) reducers are one of
the most important competing populations because they are a dominant
microbial community in many aquifers and have a similar steady state H2
concentrations: 1-2 nM for dechlorination and 0.1-0.8 nM for Fe(III) reduction
(though these are approximate ranges for both) (Evans and Koenigsberg, 2001;
Lӧeffler et al., 1999; Lovley, 1991; Lovley, 1997a; 2004; Lovley, 2013; Lu et al.,
2001; McLean, 2006; Thamdrup, 2000; Yang and McCarty, 1998; Zaa et al.,
2010). Fe(III) reduction is viewed as inhibitory to dechlorination where Fe(III)reducing conditions are prevalent because it is thought that Fe(III)-reducing
bacteria will outcompete dechlorinators for electron donors. To eliminate this
competition, electron donors are added at high concentrations to ensure that the
electron acceptor demand exhibited by both Fe(III) reducers and dechlorinators
is met (Gibson et al., 1994; Heimann et al., 2007; Leahy and Shreve, 2000; Lee
et al., 1998; Wei and Finneran, 2013). However, studies have suggested that
Fe(III) reduction may help complete dechlorination by bringing H2 to an
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appropriate steady state compared to sites with chlorinated electron acceptors
alone (Wei and Finneran, 2009; Wei and Finneran, 2013). Additionally, it may not
be necessary to add high concentrations of electron donors to meet the electron
donor demand created by Fe(III) and the chlorinated solvents. If true, this would
possibly lower the amount of methane produced, reduce the consumption of
natural resources required to produce and deliver the amendments, and reduce
the cost associated with the operation and maintenance of the remediation site
(Wei and Finneran, 2013)

1.2 Properties of Chlorinated Solvents
Chlorinated ethenes have low water solubility (150 mg/L for PCE, 1366
mg/L for TCE, and ~3500-6300 mg/L for cis-DCE (Alvarez and Illman, 2005;
EPA, 2009; Harper et al., 1996; Stevens and Eisenman, 1997; Todd et al., 2006;
Williams-Johnson et al., 1997). Additionally, they migrate in the dissolved phase
of water in the direction of groundwater flow and adsorb to aquifer solids (PCE:
log Kow=3.4, TCE: log Kow=2.42, cis-DCE: log Kow=1.86) (Harper et al.,
1996;Stevens and Eisenman, 1997; Todd et al., 2006; Williams-Johnson et al.,
1997). The adsorbed contaminates can then slowly over time dissolve in the
groundwater thereby creating a long term contamination problem that cannot be
solved by cleanup methods such as pump and treat. Therefore, chlorinated
solvents have persisted in the environment for quite a long time causing wide
spread contamination.
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1.3 Chemical and Physical Removal of Chlorinated Ethene
Chemical and physical remediation technologies, such as chemical
oxidation, soil vapor extraction, and pump and treat, can be costly, ineffective
and/or require continuous monitoring and maintenance (Alverz and Illman, 2006).
For example, chemical oxidation of chlorinated solvents with sodium persulfate is
both expensive and can result in unwanted effects, such as an increase in sulfate
in the groundwater and the release of chlorinated solvents that are adsorbed to
organic matter as well (Dahmani et al., 2006). Pump and treat does not remove
contaminants absorbed to aquifer solids and can be costly due to the energy,
maintenance and disposal cost associated with its use (Alverz and Illman, 2006).
Bioremediation of chlorinated solvents is a more efficient, cost-effective and
sustainable approach to remediation of chlorinated solvents.

1.4 Reductive Dechlorination of Chlorinated Ethenes by Microorganisms
Chlorinated ethenes can be reduced via either energy-yielding or cometabolic microbial dechlorination. This reduction results in the removal of one
halogen atom and its replacement with one hydrogen atoms. Energy yielding
microbial dechlorination, also known as chlororespiration, is a process in which
halorespiring organisms gain their energy by coupling the oxidation of electron
donors to the reduction of chlorinated compounds (McCarty, 1997; Lӧffler and
Edwards, 2006). Co-metabolic microbial dechlorination is a process in which no
energy is gained from the degradation of the chlorinated ethene (Alvarez-Cohen
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and McCarty, 1991; Brockman et al., 1995; Fathepure and Boyd, 1988; Hopkins
et al., 1993; Jablonski and Ferry, 1992; McCarty et al., 1998; Oldenhuis et al.,
1989; Terzenbach and Blaut, 1994). Figure 1 illustrates the stepwise reductive
dechlorination process from PCE to ethane. Ethene is typically the final daughter
product during reductive dechlorination, but ethene can be further transformed to
ethane under certain conditions (Debruin et al., 1992). However, the rate and
extent of removal of chlorinated ethenes by co-metabolic microorganisms is
relatively negligible in the natural environment compared to halorespiring
organisms. Thus, microorganisms capable of chlororespiration are usually
stimulated for in situ bioremediation of chlorinated solvents (Lee et al., 1998,
Scheutz et al., 2010).
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Figure 1: Microbial Reductive Dechlorination of Chlorinated Ethenes and
Microbial Oxidation of cis-DCE and VC. Adapted from (The Parsons Corporation,
2004).

1.5 Oxidation of Chlorinated Ethenes by Microorganisms
Oxidation of chlorinated ethenes can occur under both oxic and anoxic
conditions. Lesser chlorinated ethenes are more likely to undergo oxidative
reactions (Norris, 1993). Figure A.1 shows the oxidation of cis-DCE and VC.
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When oxidative dechlorination occurs, the chlorinated ethene is oxidized to CO2,
H2O and Cl-. Aerobic oxidation of VC and cis-DCE has occurred in liquid cultures
and sediment microcosms setup under strict aerobic conditions and systems
enriched with both methane and oxygen (Bradley and Chapelle, 1998a; Bradley
and Chapelle, 1998b; Davis and Carpenter, 1990; Edwards and Cox, 1997;
Hartmans and Bont, 1992; Malachowsky et al., 1994; Phelps et al., 1991; Tsien
et al. 1989; Verce et al., 2000). It was suggested that an aerobic/anaerobic
bioremediation strategy could be developed in which PCE/TCE  cis-DCE  VC
via reductive dechlorination, with O2 supplied to oxidize VC CO2 + H2O (Norris,
1993). However, supplying oxygen to an anaerobic aquifer may be expensive
and impractical (Alvarez and Illman, 2005; Norris, 1993). Anaerobic oxidation of
VC and cis-DCE can occur using Fe(III), Mn(IV), SO42-, CO2 or humic acid (e.g.
AQDS) as a terminal electron acceptor (TEA) in sediment microcosms and in situ
(Bradley and Chapelle, 1996; Bradley et al., 1998a; Bradley et al.,1998b; Bradley
et al., 1998c; Vogel and McCarty, 1985; Wei and Finneran, 2013).

1.6 Microorganisms Responsible for Reductive Dechlorination
Dechlorinating microorganisms can be classified into two groups based on
their ability to dechlorinate chlorinated ethenes. The first group has the ability to
reduce PCE and/or TCE to cis-DCE, such as Clostridium bifermentans DPH-1,
Dehalobacter restricus, Desulfurmonas chloroethenica TT4B, Desulfuromonas
michiganensis BB1 and BRS1, Geobacter lovleyi SZ, and Dehalospirillum
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multivorans (Chang et al., 2000; Holliger et al., 1998; Krumholtz et al., 1997;
Luijten et al., 2003; Scholz-Muramatsu et al., 1995; Schumacher et al., 1997;
Sung et al., 2003; Sung et al., 2006a; Sung et al., 2006b).
The second group has the ability to reduce PCE, TCE, cis-DCE and VC to
ethene, such as Dehalococcoides. Strains of the genus Dehalococcides are
among the best-characterized halorespiring organisms to date, and are part of
the phylum Chloroflexi (Maymó-Gatell et. al., 1997). The Dehalococcoides
population can only use chloroorganic compounds as terminal electron acceptors
and H2 as their electron donor (Lӧeffler et al., 2005). The optimal growth
conditions for dechlorinating microorganisms are at a pH of 6.5-7.5 and a
temperature of 25-35oC (Holliger et al., 1993; Lowe et al., 1993; Zhuang and
Pavlostathis, 1995).
Dehalococcoides-like species have been detected at 21 of 24
chloroethene-contaminated aquifers in Europe and North America, and are
usually unevenly distributed within contaminant source zones (Fennell et al.,
2004; Hendrickson et al., 2002; Lendvay et al., 2003). Strains of
Dehalococcoides have been isolated from several different types of
environments. Dehalococcoides mccartyi (formerly ethenogenes 195) was
isolated from anaerobic digester sludge and is the first strain identified and
categorized that could completely dechlorinate both PCE and TCE to ethene
(Freedman and Gossett, 1989; Maymó-Gatell et. al., 1997). Dehalococcoides sp.
strains CBDB1 and DCMB5 were isolated from river sediments contaminated
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with chlorinated solvents (Adrian et al., 2007; Bunge et al., 2008).
Dehalococcoides sp. strains FL2 and MB were isolated from river and marine
sediments without prior exposure to chlorinated solvents, respectively (Cheng et
al., 2009; He et al., 2005). Dehalococcoides sp. strains VS, BAV1 and GT were
isolated from chloroethene-impacted aquifer material (Cupples et al., 2003; He et
al., 2003, Sung et al., 2006). All of these strains, except strains DCMB5 and
CBDB1, were cultivated using chlorinated ethenes as electron acceptors. D.
mccartyi 195 can reduce PCE to ethene (Maymó-Gatell et. al., 1997).
Dehalococcoides sp. strain FL2 can reduce TCE, cis-DCE, trans-DCE and VC to
ethene (He et al., 2005). Dehalococcoides sp. strain BAV1 can dechlorinate cisDCE, trans-DCE and VC to ethene (He et al., 2003). Dehalococcoides sp. VS
can dechlorinate cis-DCE and VC to ethene (Cupples et al., 2003).
Dehalococcoides sp. strain GT can reduce TCE, cis-DCE, and VC to ethene
(Sung et al., 2006). Dehalococcoides sp. strain MB can dechlorinate PCE to
trans-DCE (Cheng and He, 2009).

1.7 Fermentation of Substrates
Dechlorinators depend on fermenting bacteria to produce H2 to survive.
The conversion of complex biodegradable particulates to CH4, CO2, and H2 is
carried out by fermenting bacteria, secondary fermenting bacteria, and two types
of methanogens (Grady et al., 2011; Schink, 1997). Figure A.2 shows the
stepwise reaction to convert complex biodegradable particulates to CH4. In
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fermentation reactions, the organic compound (e.g. vegetable oil) serves as both
the electron donor and electron acceptor. Large complex biodegradable particles
are converted to proteins, carbohydrates, lipids, amino acids, simple sugars and
long chain fatty acids by extracellular hydrolytic enzymes (e.g. cellulases,
amylases, proteases, etc.) (Reaction 1) (Grady et al., 2011; Schink, 1997).
These extracellular enzymes are produced by fermenting bacteria, which ferment
the principal products of Reaction 1 to volatile acids (e.g. propionic acid, butyric
acid, etc.), acetic acid and H2 (Grady et al., 2011; Schink, 1997). Acetate and H2
can be converted directly by methanogenic bacteria into methane and CO2
(Reaction 6 and Reaction 7) (Grady et al., 2011; Schink, 1997). However,
dechlorinators can also use the H2 produced to reduce chlorinated ethenes.
Secondary fermenters degrade volatile fatty acids to acetate, CO2, hydrogen,
and formate in some cases, which can then be directly used by methanogens
(Reaction 4, Reaction 5, Reaction 6, and Reaction 7) (Grady et al., 2011; Schink,
1997).
When there is an active hydrogen-utilizing population able to maintain low
hydrogen partial pressures (10-4 atmospheres), the carbon and electrons go
through Reactions 2 through 7 and there is limited build-up of fermentation
intermediates (e.g. propionic acid, butyric acid) (Grady et al., 2011; Schink,1997).
If a low hydrogen partial pressure is not maintained, fatty acids will accumulate
which will cause the pH to shift to more acidic conditions, which will inhibit
methanogenesis (Schink, 1997). Fatty acids will continue to accumulate and shift
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the pH further downward, thus inhibiting the hydrogenotrophic methanogens
even further. If the fatty acids continue to build up and the pH continues to drop,
methanogenesis and fermentation may cease.
Most hydrolytic and fermentation reactions are performed by strict
anaerobes, such as but not limited to Bacteriodes, Clostridia, Bifodobacterium,
and certain species of Porphyromonadaceae (Grady et al., 2011; Schink, 1997).
The H2 produced from either long chain fatty acid or volatile acids is typically
performed by Clostridia and/or Enterobactericiae (Grady et al., 2011; Schink,
1997). Methanobacteriales, Methanococcales, and Methanomicrbiales are
responsible for most of the CH4 produced by microorganisms.
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Figure 2: Multistep nature of methanogenic processes. Adapted from (Grady et
al., 2011).
1.8 Fe(III) Reduction and Electron Shuttling
The reduction of Fe(III) is a prevalent reaction in anoxic aquifers (Lovley,
1997c; Lovley, 2006; Lovley, 2013). Dissimilatory Fe(III) reduction occurs when
microorganisms transfer electrons to external Fe(III), reducing it to Fe(II) without
assimilating it (Lovley, 2006). Fe(III) reducers use fermentation products, such as
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acetate, lactate and H2, glycerol, carbohydrates and aromatic compounds for
electron donors (Bozal et al, 2002; Caccavo et al., 1994; Lovely, 2006; Lovley et
al., 1993; Pham et al., 2003). Fe(III) is insoluble and Fe(III) reducers need to
make direct contact with the mineral surface or use an electron shuttle, such as
humic acid, to facilitate the exchange of electrons between the bacteria and the
iron (Lovley, 2006).
Electron shuttles are organic molecules that can be reversibly oxidized
and reduced to allow for the transfer of electrons between different reductionoxidation reactions. Humic substances and other extracellular quinones can
serve as electron acceptors for Fe(III)-reducing microorganisms (Lovley et al.,
1996;Lovely et al., 1998; Lovley et al., 2000; Scott et al., 1998) Anthraquinone2,6,-disulphonate (AQDS) is considered a humic acid analogue and can play a
metabolic role (Watanabe et al., 2009). AQDS has been shown to stimulate ferric
iron reduction (Bond and Lovley, 2002; Lovley et al., 1996; Lovley et al., 1998;
Lovley et al., 2000; Nevin and Lovley, 2000; Wei and Finneran 2009). AQDS can
accept electrons from Fe(III) reducers to produce anthrahydroquinone-2,6,disulfonate(AH2QDS). AH2QDS reduces ferric iron to ferrous iron. The AQDS can
be recycled and the process continued.
Fe(III) reducers are phylogenetically and physiologically diverse.
Geobacter is a dominant microbial population in aquifers where Fe(III) reduction
is prevalent (Anderson et al., 2003; Holmes et al., 2005; Holmes et al., 2007;
Lovley, 2006; Snoeyenbos-West et al., 2000). Members of this genus that have
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been isolated and characterized include, but are not limited to, Geobacter
metallireducens, Geobacter sulfurreducens, Geobacter chapellei, Geobacter
akaneitreducens, Geobacter hydrogenophilus, Geobacter grbiciae, Geobacter
humireducens, Geobacter arculus, Geobacter uraniireducens, Geobacter lovleyi
and Geobacter daltonii (Caccavo et al., 1993; Coates et al., 2001; Krumholz,
1997; Lovley et al., 1993; Prakash et al., 2009; Shelobolina et al., 2008; Sung et
al., 2003; Sung et al., 2006). Many of these microorganisms can use both H2 and
acetate, as well as other fermentation products as electron donors. The ability to
use a variety of fermentation products is most likely what allows these
microorganisms to dominate in anoxic aquifers. Geobacter lovleyi,
Desulfuromonas michiganensis, and Desulfuromonas chloroethenica can also
reduce PCE and TCE to cis-DCE and retain energy for growth by this
metabolism (Krumholz, 1997; Sung et al., 2003; Sung et al., 2006).
Shewanella is another extensively studied group that has been identified
in soils, sediments, water columns and clinical isolates (Heidelberg et al., 2002;
Ventateswaran et al., 1999). Members of this genus that have been isolated and
characterized include, but are not limited to, Shewanella alga, Shewanella
amazonensis, Shewanella baltica, Shewanella frigidimarina, Shewanella
gelimimarina, Shewanella hanedai, Shewanella oneidensis, Shewanella
pealeana, Shewanella putrefaciens, and Shewanella woodyi (Venkateswaran et
al., 1999). Shewanella alga, Shewanella oneidensis and Shewanella
putrefaciens have been reported to use Fe(III) as a terminal electron acceptor
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(Caccavo et al., 1992; Lies et al., 2005; Myers and Myers, 1994; Myers and
Nealson, 1990). Geothrix fermentans is another Fe(III) reducers that has been
isolated from a petroleum contaminated aquifer (Coates et al., 1999).
Fe(III) oxides are very insoluble and Fe(III) reducers need to make direct
contact to reduce the Fe(III). It has been demonstrated that the addition of Fe(III)
chelators, such as nitroltriacetic acid (NTA), stimulate Fe(III) reduction (Lovley et
al., 1994). Fe(III) chelators solubilize Fe(III) oxides, which allows the dissolved
Fe(III) to be more bioavailable than in the solids and readily reduced by Fe(III)
reducers (Lovley, 2006; Lovley and Woodward, 1996). Other Fe(III) chelators
such as ethylenediaminetetraacetic acid (EDTA), N-methyliminodiacetic acid
(MIDA), ethanol diglycine (EDG), and phosphates also stimulated Fe(III)
reduction (Lovley et al., 1996).
Fe(II) minerals produced by Fe(III) reducers can reductively transform
chlorinated compounds (Lee and Batchelor, 2002b; Lovley, 1997a; McCormick et
al., 2002). Iron oxides, iron sulfides (e.g. mackinawite, green rust, trolite, pyrite)
and organic constituents bound with Fe(II) can transform chlorinated compounds
to nonchlorinated compounds, such as ethene and ethane (Amonette et al.,
2000; Butler and Hayes, 1998; Erbs et al., 1999; Kriegman-King and Reinhard,
1994; Lee and Batchelor, 2002a; Lee and Batchelor et al., 2002b; Sivavec and
Horney, 1994).
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1.9 Effect of pH on Dechlorination
The optimal pH for growth of dehalorespiring microorganisms is about 6.57.5. However, when a chlorinated ethene is reduced, a free chloride ion is
produced, which results in the production of hydrochloric acid (HCl). The
accumulation of HCl and the formation of fatty acids during the fermentation of
electron donors can result in a drop of the pH. A drop in the pH can reduce
dechlorinating microbial reaction rates, decrease hydrogen production and
decrease rates of methane production (Adamson et al., 2004; Cope and Hughes,
2001; Lee et al., 2002; Zhuang et al., 1995). However, the pH can be buffered at
sites by various carbonate species (e.g. calcium carbonate) or iron species
(ferrihydrite) (Brezonilk and Arnold, 2011).

1.10 Effects of Fe(III) Reduction on Dechlorination
Biotransformation of chlorinated ethenes in aquifer systems is greatly
influenced by the redox conditions. In sedimentary aquifer systems, Fe(III)reduction is a prevalent TEAP that influences the biotransformation of chlorinated
ethenes present in these systems (Cornell and Schwertmann, 2003; Lovley
2013). It has been suggested that Fe(III) reduction is inhibitory to reductive
dechlorination because Fe(III) outcompetes dechlorinators for electron donors
(Bennett et al., 2007; Cupples et al. 2004, Lovley, 2013; Zaa et al., 2009; Lu et
al. 2009; Lu wt al., 2001; McLean, 2006). To compensate for the demand of
electrons demanded by Fe(III) reducers and dechlorinators, excessive
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concentrations of electron donor are usually added (Gibson et al., 1994;
Heimann et al., 2007; Leahy and Shreve, 2000; Lee et al., 1998; The Parsons
Corporation, 2004; Paul et al., 2013; Wei and Finneran, 2013). However, it has
been demonstrated in batch incubations that Fe(III) reduction did not inhibit
complete dechlorination of TCE, cis-DCE, and VC (Wei and Finneran, 2011). Wei
and Finneran (2011) previously conducted a study using anoxic aquifer
incubations and liquid enrichment cultures using different forms of Fe(III) (Fe(III)NTA vs. ferrihydrite) and acetate as the sole electron donor. TCE, cis-DCE and
VC were added individually to each treatment. Their data demonstrated that
dechlorinators and Fe(III) reducers were both enriched concurrently, which
suggested Fe(III) reducers will not outcompete dechlorinators for electron donor.
Also, Fe(III)-NTA, a more soluble form of Fe(III), had a greater impact on the
reduction of cis-DCE and VC than ferrihydrite. These results also suggest that
acetate can be used as an electron donor to promote reductive dechlorination in
sediments where Fe(III) is the dominant TEAP. Wei and Finneran (2013) did
follow up studies in which they showed that electron donor concentration does
not affect the rate and extent of reductive dechlorination. Batch and liquid
enrichments were prepared with ferrihydrite, TCE and/or VC, and acetate as the
electron donor. Acetate was amended at two different concentrations. The first
was 1x stoichiometric in which acetate concentration was balanced “electron to
electron” with all electron acceptors present. The second was 10x stoichiometric
acetate needed to reduce all electron acceptors present. The results showed that
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lower concentrations of electron donor may have higher rates of dechlorination
than higher electron donor concentrations. Additionally, Wei and Finneran (2013)
saw increased methane production in the 10x stoichiometric treatments as
compared to the 1x stoichiometric concentrations.

1.11 Stimulation of Dechlorinators
The biostimulation of halorespiring microorganisms, especially
Dehalococcoides-like microorganisms, is an effective bioremediation strategy for
the removal of chlorinated ethenes (Imfled et al., 2008; Lee et al., 1998;
Rodriguez et al., 2004; Scheutz et al., 2008; Scheutz et al., 2010) However, if
there is an absence of the appropriate microorganism, insufficient supply of
electron donor or reaction kinetic limitations, either cis-DCE and VC will
accumulate or dechlorination will not occur (Bouwer and McCarty, 1983; Cupples
et al., 2004; Lee et al., 1998; Wei and Finneran, 2009; Wei and Finneran, 2013).
The addition of substrates that ferment to produce hydrogen has been
shown to be effective at promoting complete reductive dechlorination because H2
is the only electron donor Dehalococcoides species can use and the majority of
characterized chlorinated ethene-respiring organisms favor the use of hydrogen
(H2) as the electron donor for the reductive dechlorination processes ( He et al.,
2002; Lӧffler et al., 2005; The Parsons Corporation, 2004; Rodriguez et al., 2003;
Wei and Finneran, 2012). The sequential reduction of TCE to cis-DCE, VC and
finally ethene using H2 as an electron donor is 2 electron reduction for each step.
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The reductions are presented below:
TCE + H2  cis-DCE + Cl- +H+

(1)

cis-DCE + H2  VC + Cl- + H+

(2)

VC + H2  ethene + Cl- + H+

(3)

The hydrogen needed for reductive dechlorination is produced from the
fermentation of a variety of organic substrates, such as alcohols (ethanol,
methanol), organic acids (benzoate, butyrate, lactate, propionate, butyrate,
acetate), emulsified vegetable oils (soybean oil), and complex organic materials
(yeast extracts, molasses etc.) (He et al., 2002; Lee et al., 1998; Lee et al., 2007;
Schultz et al., 2010). Acetate specifically has been cited as an effective electron
donor in environment where Fe(III) is the dominant TEAP because acetate can
be oxidized by Fe(III) reducers to make H2 (Cord-Ruwisch et al., 1998; Lee et al.,
2007; He et al., 2002; Wei and Finneran, 2011). However, this mechanism has
not yet been fully described (Wei and Finneran, 2013). Vegetable oils are often
used because they can partition into the DNAPL phase, providing a long-term
source of electron donor (slow rates of H2 production) (Yang and McCarty, 2002).
Hydrogenotrophic dechlorinators compete for H2 with other terminal
electron accepting processes (TEAPs) when electron donor is limiting (He et al.,
2002; Lee et al., 1998; Wei and Finneran, 2013). Such competition means that
the electron equivalents needed to reduce the chlorinated ethenes is not met by
the electrons liberated by oxidation of an electron donor. To overcome this
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competition, a high concentration of electron donor is added in an effort to avoid
incomplete dechlorination. Often, electron donors are added at a factor of 5x or
10x the amount of electron equivalents needed to reduce the electron acceptors
to overcome the competition from other electron acceptors in an effort to achieve
complete dechlorination (Bennett et al., 2007; Cupples et al., 2004; Lee et al.,
1998; The Parsons Corporation, 2004; Wei and Finneran, 2012).
A major goal of this study is to determine whether adding excess amounts
of electron donor relative to lower stoichiometric electron donor concentrations is
more effective at stimulating complete reductive dechlorination. Previous results
demonstrated that lower acetate concentrations were better, or at least as good
as, higher concentrations of acetate (Wei and Finneran, 2013). When acetate
was the sole electron donor in an Fe(III)-rich sediment, it was found that low
concentrations of electron donor were equally as effective, if not more effective,
at promoting complete dechlorination of chlorinated ethenes (Wei and Finneran,
2013). However, it has been found that when electron donor becomes limited,
the rate decreased and only partial dechlorination occurred (Leahy and Shreve,
2000; Zhuang and Pavolostathis, 1995). As such, sometimes higher
concentrations of electron donors have been shown to promote a quicker and
more complete dechlorination than lower concentrations of electron donor. Data
on the use of excessive electron donor amendments is mixed, and the use of
excessive electron donor concentration may be a site specific phenomenon.
The use of excess electron donor has been reported to increase the rate
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and extent of methane production (Bennett et al., 2007; Leahy and Shreve, 2000;
Wei and Finneran, 2013). Methane is a powerful greenhouse gas with a global
warming potential 3.6 times that of CO2 (Lashof and Ahuja, 1990). The
production of methane at remediation sites is not currently regulated since the
generation of subsurface methane is still debated, but efforts should be made to
limit its production due to its impact on the climate. Additionally, it is a waste of
resources since the electron donors meant to reduce the chlorinated ethenes are
transformed to CH4 (Wei and Finneran, 2013).
Further, the cost of using large amounts of electron donor can be high.
The use of less electron donor would reduce both the operation and maintenance
costs over the lifetime of a project (Wei and Finneran, 2013). Additionally, the
addition of too much donor can result in the emergence of BOD into a surface
water, possibly clog the aquifer, and may also result in an odor from volatile fatty
acid in aquifers.
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CHAPTER TWO: RESEARCH OBJECTIVES

The main objective of the work was to characterize how electron donor
type and concentration, as well as Fe(III) speciation, influenced complete
reductive dechlorination of chlorinated ethenes. The specific objectives were to:
a) Characterize the effects of electron donor concentration on complete
reductive dechlorination of TCE and VC in Fe(III) rich soils using
acetate, lactate and emulsified and non-emulsified vegetable oils;
b) Identify how Fe(III) (hydr)oxide (ferrihydrite) and Fe(III) chelated by
nitrilotriacetic acid (Fe(III)-NTA) influenced the rate and extent of VC
dechlorination;
c) Determine how anthraquinone-2,6-disulfonate (AQDS) in the presence
and absence of ferrihydrate and Fe(III)-NTA influenced the rate and
extent of VC dechlorination; and
d) Develop liquid enrichment cultures using inoculum from a microcosm
that continuously reduced TCE or VC with acetate as the sole electron
donor.
The objectives were met by testing the following hypotheses:
1) Low electron donor concentrations will promote dechlorination of
chlorinated ethenes at the same rate and to the same extent as higher
electron donor concentrations;
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2) Ferrihydrite will promote dechlorination of VC at a faster rate than
Fe(III)-NTA; and
3) AQDS in the presence of Fe(III) will promote dechlorination of
chlorinated ethenes at a faster rate and to a greater extent than AQDS
alone.
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CHAPTER THREE: METHODS AND MATERIALS

Contaminated aquifer material incubations were used to evaluate whether
low versus high concentrations of electron donor will increase either the rate or
extent of TCE and VC dechlorination in Fe(III)-rich sediments conditions. The
electron donors tested were acetate, lactate, enhanced bioremediation products
containing emulsified vegetable oils (Newman Zone, EOS Concentrate 598B42),
and enhanced bioremediation products containing non-emulsified vegetable oil
(CAP 18 ME). Contaminated aquifer material incubations were also prepared to
determine how different Fe(III) species and AQDS influenced either the rate or
extent of VC dechlorination.
Sediment samples were collected from soil that had previously been
contaminated with chlorinated solvents (details are presented below). Liquid
enrichment cultures were developed from chlorinated solvent contaminated
sediment.

3.1 Chemicals
VC (99.5%) was obtained from Fluka. Polymer grade ethene (99.9%),
Matheson purity grade ethane (99.95%), and C.P. grade methane (99%) were
obtained from Matheson. TCE (99.5%) was obtained from Fisher Scientific, and
cis-DCE (99%) was obtained from TCI America. Sodium lactate syrup (containing
58.8-61.2% sodium lactate; specific gravity = 1.31 g/ml) was obtained from EM

26

Science. AQDS was obtained from Sigma Aldrich (Milwaukee, WI). Ferrihydrite
was synthesized from ferric chloride as previously described (Lovley and Phillips
1986). Fe(III)-NTA was prepared by combining equimolar concentration of NTA
and Fe(III)-chloride as previously described (Roden and Lovley, 1993). 2-[14C]acetate was obtained from Moravek Biochemical. 2-Sodium DL-lactate was
obtained from Sigma-Aldrich. Sodium acetate was obtained from Sigma-Aldrich.
Newman

Zone®

Standard

without

sodium

lactate

was

obtained from

Remediation & Natural Attenuation Services Inc. Newman Zone® without sodium
lactate is made up of primarily soybean oil and some surfactants (Remediation
and Natural Attenuation Services Inc., 2013). CAP 18 ME® was obtained from
Carcus Corporation; CAP 18 ME is a blend of long-chain fatty acids and methyl
esters refined from vegetable oils (Carus Corporation Inc., 2014).

EOS

Concentrate 598B42 was obtained from EOS Remediation, LLC. EOS 598B42
consists of primarily refined and bleached soybean oil and some emulsifiers and
food additives (EOS Remediation, LCC, 2014). All other chemicals used were
reagent grade, unless indicated otherwise.

3.2 Site Characterization
TCE contaminated sediment was obtained from a former automotive parts
manufacturing plant located in Easley, SC, USA, that has documented TCE and
petroleum hydrocarbon contamination. Analyses were performed to characterize
the dominant TEAP (Lovley, 1997b). Briefly, the dominant TEAP was determined
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by quantifying nitrate, sulfate, aqueous iron(II), and total HCl-extractable iron
(ferric plus ferrous), and monitoring the production of both 14CO2 and 14CH4 in
metabolic assays using radiolabeled 2-[14C]-acetate (Azam and Finneran, 2013;
Lovley, 1997). Approximately 2.14x105 DPM of 2-[14C]-acetate was injected into
incubation tubes with and without molybdate. Molybdate inhibits sulfate
reduction. Nitrate, nitrite, and sulfate were quantified using ion chromatography.
Total HCl-extractable iron was determined using the ferrozine assay (Lovley and
Phillips, 1987).

14

CO2 and 14CH4 were measured using gas chromatograph with

a gas radiochromatography detector. The decays per minute associated with
acetate were determined using a liquid scintillation analyzer. The quantification
methods are described in greater detail below.

3.3 Easley, SC Dechlorination Sediment Batch Study
Contaminated aquifer material incubations were used to evaluate whether
excessive electron donor addition increased either the rate or extent of complete
dechlorination. Sediment was chemically characterized prior to and during
incubation in the presence of the different electron donor amendments. Prior to
incubations, pore water from the sediment batch study was collected and
analyzed for pH, nitrate, nitrite, sulfate, aqueous Fe(II) and total bioavailable iron
(Finneran & Lovley, 2001). During incubations, pore water from the sediment
batch studies was collected and analyzed for pH.
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Batch incubations were constructed using saturated sediment, but did not
contain mineral salts, medium constituents or buffers in order to best mimic site
conditions (Wei and Finneran, 2009; Wei and Finneran, 2011; Wei and Finneran,
2013). Sediment series were constructed using previously described anoxic
techniques (Wei and Finneran, 2009). The sediment collected was homogenized
in an N2-filled glove bag (Wei and Finneran, 2009; Wei and Finneran, 2011; Wei
and Finneran, 2013). Slurries were prepared by placing 15 g of sediment and 15
mL of water into sterile 60 mL serum bottles. The bottles were sealed with butyl
rubber stoppers and crimped. Upon removal from the glove bag, the headspace
of the serum bottles was adjusted to 100% nitrogen gas (N2), which passed
through a heated, reduced copper column to remove trace amounts of oxygen
(Wei and Finneran, 2009; Wei and Finneran, 2011; Wei and Finneran, 2013). All
amendments were added anaerobically from anaerobic sterile stock solutions,
and all manipulations were done using anoxic syringes and needles. Bottles
were incubated at 18oC, in the dark, without shaking. All experiments were
conducted in triplicate.
The first batch only had TCE added as the electron acceptor; the second
batch had VC. Acetate, Newman Zone® Standard without sodium lactate, CAP
18 ME, and EOS Concentrate 598B42 were the electron donors tested. A 150
mM anoxic solution of acetate, a 50 mg/mL anoxic solution of Newman Zone®
Standard without sodium lactate, a 9.6 mg/mL anoxic solution of EOS
Concentrate 598B42, and a 46 mg/mL anoxic solution of CAP18ME solution
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were prepared. These solutions were sparged with 100% N2 and capped with
butyl rubber stoppers prior to distribution. TCE was initially added to the bottles
using saturated water solutions. VC was added as a gas using 1.0 mL PressureLok® gas syringe.
There were three electron donor strategies for each series. The first donor
strategy is operationally defined as “stoichiometric”, in which the electron donor
concentration balanced “electron to electron” with just TCE or VC present. This
was operationally defined as 1x. The second approach was an “excessive”
electron donor approach in which 5x the necessary stoichiometric amount of
electron donor was added. This batch attempted to mimic the “five times factor of
safety” amendment strategy, which is recommended when dealing with a
chloroethene contaminated sites (The Parsons Corporation, 2004). The third
approach was an “excessive” electron donor approach in which 10x the
necessary stoichiometric amount of acetate was added (Wei and Finneran,
2012). This batch attempted to mimic the “ten times factor of safety” amendment
strategy implemented at TCE contaminated sites where soluble electron donors
are amended (Lee et al., 1998; Scheutz et al., 2010; Wei and Finneran, 2012).
The calculated amount of hydrogen produced each vegetable based electron
donor is: 0.25 lbs of H2 produced per 1 lb of EOS 598B42 used, 1 kg H2 was
produced per 9.7 kg of CAP 18 ME used and 52.9 grams of H2 produced per 1
kg of Newman Zone® without sodium lactate used (Bryant et al., 2005; EOS
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Remediation, LCC, 2013; Remediation and Natural Attenuation Services Inc.,
2013).
Sterile controls were setup to evaluate the extent of losses due to
partitioning and chemical activity. Sterile controls were heated to 121oC and
pressurized to 15 psi for one hour per day for three consecutive days (Wei and
Finneran, 2013). Unamended controls (no electron donor added) were prepared
to evaluate rate and extent of reductive dechlorination. The amounts of each
compound added for the batch with TCE as the parent compound are shown in
Table 1. The amounts of each compound added for the batch with VC as the
parent compound are shown in Table 2.
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Table 1: Experimental matrix for TCE in batch incubations of stream bed sediments
TEA

Treatment
Killed
No amend
1 x Acetate
5 x Acetate
10 x Acetate
1 x "RNAS Newman Zone"
5 x "RNAS Newman Zone"
10 x"RNAS Newman Zone"
1 x "EOS Concentrate
598B42"
5 x "EOS Concentrate
598B42"
10 x "EOS Concentrate
598B42"
1 x "CAP 18 ME"
5 x "CAP 18 ME"
10 x "CAP 18 ME"

Electron Donor

H2 produced from Electron Donor
(µmols)

Amount
Substrate
(mg)

Amount
Substrate
(µL)

1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23

0
0
30
150
300
30
150
300

0
0
0.45
2.25
4.5
1.15
5.73
11.45

0
0
50
250
500
23
115
229

10

1.23

30

0.24

25

10

1.23

150

1.21

126

10

1.23

300

2.42

252

10
10
10

1.23
1.23
1.23

30
150
300

0.59
2.94
5.88

13
64
128

Amount TCE
(µmol/bottle)

VTCE,liq
(mL)

10
10
10
10
10
10
10
10
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Table 2: Experimental matrix for VC in batch incubations of stream bed sediments
TEA

Treatment
Killed
No amend
1 x Acetate
5 x Acetate
10 x Acetate
1 x "RNAS Newman
Zone"
5 x "RNAS Newman
Zone"
10 x"RNAS Newman
Zone"
1 x "EOS Concentrate
598B42"
5 x "EOS Concentrate
598B42"
10 x "EOS Concentrate
598B42"
1 x "CAP 18 ME"
5 x "CAP 18 ME"
10 x "CAP 18 ME"

Electron Donor

Amount VC
(µmol/bottle)

VVC,gas
(mL)

H2 produced from Electron
Donor (µmols)

Amount
Substrate (mg)

Amount
Substrate (µL)

10
10
10
10
10

0.24
0.24
0.24
0.24
0.24

0
0
10
50
100

0
0
0.15
0.75
1.50

0
0
50
250
500

10

0.24

10

0.38

8

10

0.24

50

1.91

38

10

0.24

100

3.82

76

10

0.24

10

0.08

8

10

0.24

50

0.40

42

10

0.24

100

0.81

84

10
10
10

0.24
0.24
0.24

10
150
300

0.20
2.94
5.88

4
64
128
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3.4 Fe(III) Speciation and Electron Shuttle Sediment Batch Study
Contaminated aquifer material batch incubations were used to compare
kinetic and daughter products of VC dechlorination in the presence and absence
of different forms of Fe(III) and electron shuttles, to determine how different
Fe(III) species influence complete VC dechlorination and to assess the capacity
for Fe(III)-mediated VC oxidation. The sediment was chemically characterized
prior to and during incubation as described in Section 3.3.
Batch incubations were constructed as described in Section 3.3. The
material was homogenized and redistributed by placing 30 g of sediment and 30
mL of water into sterile, 160 mL serum bottles in an anoxic glovebag. The bottles
were sealed with butyl rubber stoppers and crimped. Once removed from the
glovebag, the headspace was flushed with N2, which passed through a heated,
reduced copper column to remove trace oxygen. Four treatments and two
controls were used to investigate the effect of different Fe(III) species on VC
dechlorination: (1) VC + ferrihydrite (10 mM); (2) VC + Fe(III)-NTA (10 mM); (3)
VC + ferrihydrite (10 mM) + AQDS (500 uM); (4) VC + 5 mM AQDS; (5) VC (noFe(III) control); and (6) VC alone for a sterile control. Sterile controls were
prepared as previously described in Task 1. Each treatment was prepared in
triplicate. VC was added as a gas using a 1.0 mL Pressure-Lok® gas syringe.
The masses of each compound added to the bottles are shown in Table 3.
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Table 3: Experimental matrix of batch incubations of stream bed sediment.
TEA

Treatment
Killed
Un-amended
VC + Ferrihydrate
VC + Ferrihydrate
+ AQDS
VC + AQDS
VC + FeNTA

Iron(III) Forms

Electron Shuttle

Amount VC
(µmol/bottle)

VVC,gas
(mL)

Ferrihydrate
(mM)

VFerrihydrate
(mL)

Fe (III)NTA
(mM)

VFe(III)NTA
(mL)

AQDS
(µM)

VAQDS
(mL)

10
10
10

0.24
0.24
0.24

0
0
10

0
0
2.5

0
0
0

0
0
0

0
0
0

0
0
0

10

0.24

10

2.5

0

0

500

0.625

10
10

0.24
0.24

0
0

0
0

0
10

0
2.50

5000
0

6.25
0
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3.5 Analysis of 14CO2 and 14CH4
14

CO2 (dpm) and 14CH4 (dpm) were monitored by headspace analysis

using a gas chromatograph (GC; Shimadzu 8A) with a gas radiochromatorgraphy
detector (GC Ram: IN/US, Tampa, FL) (Azam and Finneran, 2013). The column
was a 10 ft by 1/8 in Carbosieve SII column (Supelco, USA). Helium was used as
the carrier gas. One mL aqueous radioactive samples were added to 10 mL
scintillation cocktail and analyzed by liquid scintillation analyzer (Tri-Carb
2910TR; PerkinElmer) to determine the radioactivity (dpm) present.
Production of 14C-labeled inorganic carbon was calculated from the
distribution of 14CO2 in the headspace and the 14HCO3- in the liquid phase in
order to determine a partitioning value for 14CO2.
Headspace samples were collected using a 1 mL gas-tight anoxic syringe
and needle. Assuming that equilibrium has been reached, the partitioning
coefficient was calculated using:

𝐾𝐻𝐶𝑂3− =

(𝐶𝑔,𝐻𝐶𝑂3− )(𝑉

𝑉𝑔

𝑔,𝑠𝑎𝑚𝑝𝑙𝑒

𝐶𝐿,𝐻𝐶𝑂3−

)

where K HCO−3 = partitioning coefficient for H14CO3-; Cg,HCO−3 = concentration of

(4)

CO2 in the gaseous phase of H14CO3- headspace samples (dpm) Vg = volume

14

of the headspace in the bottle (mL); Vg,sample = volume of sample collected and
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injected onto the GC (mL); CL,HCO−3 = concentration of H14CO3- added to the
standard bottle (dpm).

The percent of mineralization was calculated using the following:

𝛼=

(𝑉

𝐶𝑔

𝑔,𝑠𝑎𝑚𝑝𝑙𝑒

)(𝐾

𝑉𝑔

𝐻𝐶𝑂−
3

𝐶𝐿, 14𝐶−𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

)

(5)
∗ 100

where α = percent mineralized (%); Cg = concentration of either 14CO2 or CH4 in
the gas phase (dpm); CL, 14C−substrate = amount of radiolabeled substrate added to

the bottles (dpm).

3.6 Analysis of TCE, cis-DCE, VC, Ethene, Ethane, and CH4
The chlorinated ethenes, ethene, ethane, acetylene and methane were
monitored by headspace analysis using a gas chromatograph equipped with a
flame ionization detector (Shimadzu GC-2014); the column was a 30 m by 0.53
mm GS-Q column (J&W Scientific, Germany) (Wei and Finneran, 2011). The
mass of each compound present in a bottle was determined by analysis of a 0.2
mL headspace sample. The carrier gas used was helium and had a total flow 50
mL/min (Wei and Finneran, 2011). At each sampling point, 0.2 mL of headspace
sample was taken via an anoxic gas tight syringe and injected into the capillary
column. The oven temperature was held at 40°C for 1 minute and 30 seconds,
and then increased by 40°C/min to 200°C. The injector and FID temperature
were both set to 250°C.
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Standards for the serum bottles were prepared by adding known amounts
of each compound to bottles containing deionized water (Gosset, 1987). The
number of moles of gas added to each bottle was determined using the ideal gas
law, based on the volume added at room temperature and atmospheric pressure.
A stock solution of TCE and cis-DCE was prepared gravimetrically in methanol.
After adding known amounts of volatile organic compounds and stock solution to
serum bottles, the bottles were incubated for one to four hours to allow for
sufficient time for the compounds to equilibrate and to limit abiotic and biotic
losses (Eaddy, 2008). Peak areas obtained from headspace analysis were used
to determine a response factor for each compound in terms of the total mass per
bottle per peak area unit from a 0.2 mL headspace sample. A separate set of
standards were prepared for each task because the ratio of headspace and liquid
volumes were different for each task.
The GC response to a 0.2 mL headspace sample was calibrated to give
the total mass in the bottle. Assuming that equilibrium had been reached, the
headspace concentration was converted to total mass:
𝑉𝑙
𝑀 = 𝐶𝑔 [� � + 𝑉𝑔 ]
𝐻𝑐

(6)

where M = total mass present (µmol/bottle); Cg = concentration in the gaseous
phase (µM); Vl = volume of the liquid in the bottle); Vg = volume of the headspace
in the bottle and Hc = Henry's constant (dimensionless) at 22°C (calculated from
Gossett,1987).

38

3.7 pH Analysis
The pH of enrichment and batch cultures was measured in 0.5 mL
samples using a VWR Symphony SB70P pH meter. The pH meter was calibrated
before samples were analyzed using pH 5, 7 and 10 buffer solutions.

3.8 Analysis of Sulfate, Nitrate, and Nitrite
Nitrate, nitrite and sulfate were quantified using a Dionex DX-2100 Ion
Chromatograph (IC) (Sunnyvale CA). A degassed sodium carbonate/bicarbonate
eluent (8 mM/ 2 mM, respectively) was used with an IonPac® AS9 guard column
(AG11, 4 mm x 50 mm), followed by an IonPac® AS9-HC anion-exchange
column (4 mm x 250 mm), at a flow rate of 1.0 mL/min. Samples of settled liquid
from materials used in microcosms were filtered (0.2 µm polytetrafluoroethylene,
NALGENE ®). Samples were injected onto the column using a 250 µL injection
loop.

3.9 Analysis of Fe(III) and Fe(II)
Aqueous Fe(II) and total bioavailable iron (ferric plus ferrous) in sediment
and water were quantified using the ferrozine assay (Lovley and Phillips, 1987).
A Varian 50-Bio UV-Visible Spectrophotometer was used. Aqueous samples
were collected via an anoxic syringe in 0.5 mM HCl and mixed via vortex. This
acid:sample mixture was diluted 1:50 in Ferrozine solution and measured at 562
nm. These samples were operationally defined as aqueous Fe(II). The remaining
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acid:sample mixture that was not diluted was then amended with 4% (v/v) 6.25N
hydroxylamine HCl, mixed via vortex, and stored overnight in the dark at room
temperature. Later, the acid:sample:hydroxylamine mixture was diluted 1:50 in
Ferrozine and measured at 562nm. This was operationally defined as total Fe.
Known Fe(II) standards in acid were used to quantify the iron concentrations.
Ferric iron is the concentration of Fe(II) taken prior to the addition of 6.25N
hydroxylamine. Ferrous iron is the difference between total iron and ferric iron.

3.10 Statistical Analysis
Averages and standard deviations were determine using an excel
spreadsheet. Single factor ANOVA tests and two-sample t-test assuming equal
variances were additionally performed using an excel spreadsheet to determine if
their statistically significant differences among treatments.
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CHAPTER FOUR: RESULTS

4.1 Site Characterization
TCE contaminated sediment was obtained from a former automotive parts
manufacturing plant located in Easley, SC, USA that has documented TCE and
petroleum hydrocarbon contamination. Analyses were performed to characterize
the dominant TEAP using formerly described methods (Lovley, 1997b). The
material had a total iron content of about 21 µmol/g; an aqueous Fe(II)
concentration of 0.92 mM; a nitrate concentration of 438 uM; it was generally a
clay loam. Sulfate was not present. 2-[14C]-acetate was mineralized to only 14CO2
in both the presence and absence of molybdate; 14CH4 was not detected. Thus,
the analysis demonstrates that the sediment was dominated by Fe(III)-reducing
conditions.

4.2 Easley, SC, Dechlorination Sediment Batch Study
As explained in Section 3.3, the experiment to determine the influence of
electron donor concentration (10 x necessary electron donors versus 5 x
necessary electron donors versus 1x stoichiometric electron donor) on reductive
dechlorination of chlorinated ethenes was conducted with two sediment batch
experiments where TCE was the parent compound in one and VC in the other.
Results for the Easley, SC, dechlorination sediment batch study with TCE as the
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parent compound are presented first, followed by results for the Easley, SC,
dechlorination sediment batch study with VC as the parent compound.

4.2.1 Easley, SC, Dechlorination Sediment Batch Study with TCE as the Parent
Compound
Figure 3 presents the results for triplicate bottles of the autoclave controls.
TCE was the only analyte detected in the sterile control incubations. The TCE
concentration decreased over the duration of the experiment from 6-8 µmol/bottle
to 1-4 µmol/bottle (Figure 3).
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Figure 3: TCE in autoclave controls. Individual replicates of each triplicate are
shown.
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In the un-amended controls, TCE was reduced completely to ethene and ethane
(Figure 4), and the pH ranged from 6.16 to 7.06 (Table 4).
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Figure 4: TCE, cis-DCE, VC, ethene, ethane, and methane in batch incubations
of sediment stream material with no amendment (TCE only). Individual
replicates of each triplicate are shown.
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In the 1x acetate incubations, TCE was reduced in all bottles (Figure 5)
and completely to ethene in only one replicate (Figure 5.C ); cis-DCE and VC
were the primary daughter products in two of the replicates (Figure 5.A; Figure
5.B); and the pH ranged from 5.95 to 6.45 (Table 4). In the 5x acetate amended
incubations, TCE was reduced in all bottles (Figure 6), cis-DCE and VC were the
primary daughter products in two of the replicates (Figure 6.B; Figure 6.C); and
the pH ranged from 5.92 to 6.02 (Table 4). In the 10x acetate amended
incubations, TCE was reduced in all bottles (Figure 7) and completely to ethene
in two of the replicates (Figure 7.A; Figure 7.C); cis-DCE was the primary
daughter product in only one of the replicates (Figure 7.B); ethane was detected
in one of the replicates (Figure 7.A), and the pH ranged from 6.04 to 6.28 (Table
4).
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Figure 5: TCE, cis-DCE, VC, ethene, ethane, and methane in batch incubations
of sediment stream material amended with TCE+acetate (stoichiometric levels).
Individual replicates of each triplicate are shown.
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Figure 6: TCE, cis-DCE, VC, ethene, ethane, and methane in batch incubations
of sediment stream material amended with TCE+acetate (5x stoichiometric
levels). Individual replicates of each triplicate are shown.
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Figure 7: TCE, cis-DCE, VC, ethene, ethane, and methane in batch incubations
of sediment stream material amended with TCE+acetate (10x stoichiometric
levels). Individual replicates of each triplicate are shown.
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In the 1x Newman zone amended incubations, TCE was reduced in all
bottles (Figure 8) and completely to ethene in two replicates (Figure 8.A; Figure
8.B); cis-DCE and VC were the primary daughter products in one replicate
(Figure 8.C); and the pH ranged from 6.09 to 6.83 (Table 4). In the 5x Newman
zone amended incubations, TCE was completely reduced to ethene and ethane
(Figure 9) and the pH ranged from 6.09 to 6.83 (Table 4). In the 10x Newman
zone amended incubations, TCE was completely reduced to ethene and ethane
(Figure 10) and the pH ranged from 6.28 to 6.83 (Table 4).
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Figure 8: TCE, cis-DCE, VC, ethene, ethane, and methane in batch incubations
of sediment stream material amended with TCE+ Newman Zone without sodium
lactate (1x stoichiometric levels). Individual replicates of each triplicate are
shown.
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Figure 9: TCE, cis-DCE, VC, ethene, ethane, and methane in batch incubations
of sediment stream material amended with TCE+ Newman Zone without sodium
lactate (5x stoichiometric levels). Individual replicates of each triplicate are
shown.
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Figure 10: TCE, cis-DCE, VC, ethene, ethane, and methane in batch incubations
of sediment stream material amended with TCE+ Newman Zone without sodium
lactate (10x stoichiometric levels). Individual replicates of each triplicate are
shown.
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In the 1x EOS 598B42 amended incubations, TCE was completely
reduced to ethene and ethane (Figure 11) and the pH ranged from 6.20 to 6.83
(Table 4). In the 5x EOS 598B42 amended incubations, TCE was completely
reduced to ethene and ethane (Figure 12) and the pH ranged from 6.83 to 7.17
(Table 4). In the 10x EOS 598B42 amended incubations, TCE was completely
reduced to ethene and ethane (Figure 13) and the pH ranged from 6.47 to 7.26
(Table 4).
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Figure 11: TCE, cis-DCE, VC, ethene, ethane, and methane in batch incubations
of sediment stream material amended with TCE+ EOS 598B42 (1x stoichiometric
levels). Individual replicates of each triplicate are shown.
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Figure 12: TCE, cis-DCE, VC, ethene, ethane, and methane in batch incubations
of sediment stream material amended with TCE+ EOS 598B42 (5x stoichiometric
levels). Individual replicates of each triplicate are shown.
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Figure 13: TCE, cis-DCE, VC, ethene, ethane, and methane in batch incubations
of sediment stream material amended with TCE+ EOS 598B42 (10x
stoichiometric levels). Individual replicates of each triplicate are shown.
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In the 1x CAP 18 ME amendments, TCE was completely reduced to
ethene (Figure 14); ethane was detected in two bottles (Figure 14.B; Figure
14.C); and the pH ranged from 6.70 to 6.90 (Table 4). In the 5x CAP 18 ME
amendments, TCE was reduced complete to ethene in two of the replicates and
to VC in the other (Figure 15); ethane was detected in one of the replicates
(Figure 15.A); and the pH ranged from 6.47 to 7.16 (Table 4). In the 10x CAP 18
ME amendments, TCE was completely reduced to ethene and ethane (Figure
16) and the pH ranged from 6.70 to 7.21 (Table 4).
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Figure 14: TCE, cis-DCE, VC, ethene, ethane, and methane in batch incubations
of sediment stream material amended with TCE+ CAP 18 ME (1x stoichiometric
levels). Individual replicates of each triplicate are shown.
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Figure 15: TCE, cis-DCE, VC, ethene, ethane, and methane in batch incubations
of sediment stream material amended with TCE+ CAP 18 ME (5x stoichiometric
levels). Individual replicates of each triplicate are shown.
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Figure 16: TCE, cis-DCE, VC, ethene, ethane, and methane in batch incubations
of sediment stream material amended with TCE+ CAP 18 ME (10x stoichiometric
levels). Individual replicates of each triplicate are shown.
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Table 4: pH of Easley, SC, Dechlorination Sediment Batch Study with TCE as
the Parent Compound on day 88.
Treatment
Type
pH
Treatment
Type
pH
Kill Control
Un-amended
1x Acetate
5x Acetate
10x Acetate
1x Newman Zone
5x Newman Zone
10x Newman Zone

A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C

6.74
6.78
6.82
6.16
7.06
6.91
5.95
6.04
6.45
5.92
6.02
5.93
6.28
6.04
6.08
6.91
6.51
5.99
6.83
6.09
6.13
6.8
6.58
6.28

1x EOS 598B42
5x EOS 598B42
10x EOS 598B42
1x CAP 18 ME
5x CAP 18 ME
10x CAP 18 ME

62

A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C

6.83
6.20
6.86
6.83
7.11
7.17
7.26
7.24
6.47
6.90
6.75
6.70
7.16
6.65
6.47
7.21
7.15
6.70

Table 5: Time to reach peak ethene in batch incubations of sediment stream
material.
Days to peak ethene
Treatment

A

B

C

Un-amended
1x acetate
5x acetate
10x acetate
1x Newman Zone
5x Newman Zone
10x Newman Zone
1x EOS 598B42
5x EOS 598B42
10x EOS 598B42
1x CAP 18 ME
5x CAP 18 ME
10x CAP 18 ME

91
163
163
163
55
71
71
71
77
79
77
20
71

77
163
163
71
71
133
98
77
71
55
86
133
55

77
77
163
91
163
133
55
55
91
98
91
133
133

Ave Stdev
82
134
163
108
96
112
75
68
80
77
85
95
86

8
50
0
48
58
36
22
11
10
22
7
65
41

ANOVA indicated there was no statistically significant difference (p=0.11)
between the treatment for time to reach peak ethene.
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Table 6: Time till complete removal of TCE in batch incubations of sediment
stream material.
Days till complete removal of TCE
Treatment

A

B

C

Un-amended
1x acetate
5x acetate
10x acetate
1x Newman Zone
5x Newman Zone
10x Newman Zone
1x EOS 598B42
5x EOS 598B42
10x EOS 598B42
1x CAP 18 ME
5x CAP 18 ME
10x CAP 18 ME

16
16
16
25
16
25
13
3
16
16
25
16
25

25
16
13
25
25
25
16
16
25
13
25
16
25

25
16
13
25
16
16
25
25
16
25
48
16
16

Ave Stdev
22
16
14
25
19
22
18
15
19
18
33
16
22

5
0
2
0
5
5
6
11
5
6
13
0
5

ANOVA indicated there was no statistically significant difference (p=0.08)
between the treatment for time it took to completely remove TCE.
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Table 7: Time till complete removal of chlorinated compounds in batch
incubations of sediment stream material.
Days till complete removal of all
chlorinated compounds
Treatment

A

B

C

Average

Stdev

Un-amended
1x acetate
5x acetate
10x acetate
1x Newman Zone
5x Newman Zone
10x Newman Zone
1x EOS 598B42
5x EOS 598B42
10x EOS 598B42
1x CAP 18 ME
5x CAP 18 ME
10x CAP 18 ME

86
163
163
71
71
48
48
48
48
55
77
48
48

48
163
163
163
71
133
48
77
55
48
86
133
55

71
77
163
133
163
133
55
48
55
91
91
133
133

68
134
163
122
102
105
50
58
53
65
85
105
79

19
50
0
47
53
49
4
17
4
23
7
49
47

ANOVA indicated statistically significant difference (p=0.01) between the
treatment, and two tailed t-test were run to establish which treatments are
different. The results are summarized below.
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Table 8: Two tailed t-test p-value results for treatments comparing time till
complete removal of chlorinated compounds in batch incubations of
sediment stream material.
Comparison
p
Un-amended vs. 1x acetate
Un-amended vs. 5x acetate
Un-amended vs. 10x acetate
1x acetate vs. 5x acetate
1x acetate vs. 10x acetate
5x acetate vs. 10x acetate
Un-amended vs. 1x Newman Zone
Un-amended vs. 5x Newman Zone
Un-amended vs. 10x Newman Zone
1x Newman Zone vs. 5x Newman Zone
1x Newman Zone vs. 10x Newman Zone
5x Newman Zone vs. 10x Newman Zone
Un-amended vs. 1x EOS 598B42
Un-amended vs. 5x EOS 598B42
Un-amended vs. 10x EOS 598B42
1x EOS 598B42 vs. 5x EOS 598B42
1x EOS 598B42 vs. 10x EOS 598B42
5x EOS 598B42 vs. 10x EOS 598B42
Un-amended vs. 1x CAP 18 ME
Un-amended vs. 5x CAP 18 ME
Un-amended vs. 10x CAP 18 ME
1x CAP 18 ME vs. 5x CAP 18 ME
1x CAP 18 ME vs. 10x CAP 18 ME
5x CAP 18 ME vs. 10x CAP 18 ME

0.10
0.00
0.14
0.37
0.78
0.21
0.36
0.30
0.19
0.95
0.17
0.13
0.51
0.24
0.84
0.64
0.69
0.43
0.24
0.30
0.74
0.52
0.84
0.54

The two tailed t-test indicates there is a significant difference between the
un-amended vs. the 5x acetate amended incubations. Thus, all chlorinated
compounds were removed more quickly in the un-amended controls than the 5x
acetate amended incubations
.
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Table 9: Time till complete removal of TCE in batch incubations of sediment
stream material.
Days till complete removal of TCE
Treatment

A

B

C

Un-amended
1x acetate
5x acetate
10x acetate
1x Newman Zone
5x Newman Zone
10x Newman Zone
1x EOS 598B42
5x EOS 598B42
10x EOS 598B42
1x CAP 18 ME
5x CAP 18 ME
10x CAP 18 ME

16
16
16
25
16
25
13
3
16
16
25
16
25

25
16
13
25
25
25
16
16
25
13
25
16
25

25
16
13
25
16
16
25
25
16
25
48
16
25

Average Stdev
22
16
14
25
19
22
18
15
19
18
33
16
25

5
0
2
0
5
5
6
11
5
6
13
0
0

ANOVA indicated statistically significant difference (p=0.05) between the
treatment, and two tailed t-test were run to establish which treatments are
different. The results are summarized below.
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Table 10: Two tailed t-test p-value results for treatments comparing time till
complete removal of TCE in batch incubations of sediment stream
material.
Comparison
Un-amended vs. 1x acetate
Un-amended vs. 5x acetate
Un-amended vs. 10x acetate
1x acetate vs. 5x acetate
1x acetate vs. 10x acetate
5x acetate vs. 10x acetate
Un-amended vs. 1x Newman Zone
Un-amended vs. 5x Newman Zone
Un-amended vs. 10x Newman Zone
1x Newman Zone vs. 5x Newman Zone
1x Newman Zone vs. 10x Newman Zone
5x Newman Zone vs. 10x Newman Zone
Un-amended vs. 1x EOS 598B42
Un-amended vs. 5x EOS 598B42
Un-amended vs. 10x EOS 598B42
1x EOS 598B42 vs. 5x EOS 598B42
1x EOS 598B42 vs. 10x EOS 598B42
5x EOS 598B42 vs. 10x EOS 598B42
Un-amended vs. 1x CAP 18 ME
Un-amended vs. 5x CAP 18 ME
Un-amended vs. 10x CAP 18 ME
1x CAP 18 ME vs. 5x CAP 18 ME
1x CAP 18 ME vs. 10x CAP 18 ME
5x CAP 18 ME vs. 10x CAP 18 ME

P
0.12
0.07
0.37
0.12
N/A
0.00
0.52
1.00
0.44
0.52
0.84
0.44
0.36
0.51
0.44
0.57
0.67
0.84
0.26
0.12
0.37
0.09
0.37
N/A

The two tailed t-test indicates there is a significant difference between the
5x acetate vs. 10x acetate incubation. Thus, TCE was removed more quickly in
the 10x acetate than the 5x acetate incubations.
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Table 11: Amount of methane accumulation in batch incubations of sediment
stream material.
Treatment

Peak Methane Detected
(µmols)

Day of Peak Methane
Production

No amend 4
No amend 5
No amend 6
1 x Acetate 7
1 x acetate 8
1 x acetate 9
5 x acetate 10
5 x acetate 11

300.96
108.94
220.24
76.37
73.13
201.19
57.87
152.02

142
133
133
133
106
133
133
133

5 x acetate 12

155.65

91

10 x acetate 13
10 x acetate 14

369.89
73.02

142
91

10 x acetate 15

419.82

163

1 x RNAS Newman zone 16

209.8

163

1 x RNAS Newman zone 17

208.68

133

1 x RNAS Newman zone 18

93.79

133

5 x RNAS Newman zone 19

273.3

133

5 x RNAS Newman zone 20

79.01

91

5 x RNAS Newman zone 21

202.21

163

10 x RNAS Newman zone 22

367.83

133

10 x RNAS Newman zone 23

392.25

133

10 x RNAS Newman zone 24

377.46

133

1xEOS 598B42 25

124.33

142

1xEOS 598B42 26

274.32

133

1xEOS 598B42 27

106.01

91

5xEOS 598B42 28

122.31

133

5xEOS 598B42 29

247.87

133

5xEOS 598B42 30

126.76

133

10xEOS 598B42 31

253.25

133

10xEOS 598B42 32

128.13

133

10xEOS 598B42 33

372.01

147

1xCAP18ME 34

93.99

147

1xCAP18ME35

234.56

133

1xCAP18ME 36

263.61

163

5xCAP18ME 37

104.37

133

5xCAP18ME 38

32.74

147

5xCAP18ME 39

40.95

71

10xCAP18ME 40

175.87

163

10xCAP18ME 41

172.84

133

10xCAP18ME 42

37.21

37.21
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Table 11 indicates that the amount of methane that accumulated
appeared to vary amongst the different treatments.
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4.2.2 Easley, SC, Dechlorination Sediment Batch Study with VC as the Parent
Compound
In the autoclave controls, VC was the only analyte detected in the sterile
control incubations. The TCE concentration stayed within 6-8 µmol/bottle over
the course of the experiment (Figure 17).
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Figure 17: VC in autoclave controls. Individual replicates of each triplicate are
shown.
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In the un-amended controls, VC was reduced completely to ethene and
ethane (Figure 18) and the pH ranged from 6.76 to 7.87 (Table 9).

Figure 18: VC, ethene, ethane, and methane in batch incubations of sediment
stream material with no amendments (VC only). Individual replicates of each
triplicate are shown.
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In the 1x acetate amended incubations, VC was reduced to ethene in only
two of the replicates (Figure 19.A; Figure 19.C); VC was partially reduced to
ethene in one of the replicates (Figure 19.B); ethane was only detected in only
one replicate (Figure 19.A); and the pH ranged from 6.04 to 6.66 (Table 12). In
the 5x acetate amended incubations, VC was reduced to ethene and ethane
(Figure 20) and the pH ranged from 6.12 to 7.05 (Table 12). In the 10x acetate
amended incubations, VC was completely reduced to ethene and ethane in two
of the incubations (Figure 21.B; Figure 21.C); VC was partially reduced to ethene
(Figure 21); and the pH ranged from 6.09 to 7.35 (Table 12).
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Figure 19: VC, ethene, ethane, and methane in batch incubations of sediment
stream material amended with VC+acetate (stoichiometric levels). Individual
replicates of each triplicate are shown.
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Figure 20: VC, ethene, ethane, and methane in batch incubations of sediment
stream material amended with VC+acetate (5x stoichiometric levels). Individual
replicates of each triplicate are shown.
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Figure 21: VC, ethene, ethane, and methane in batch incubations of sediment
stream material amended with VC+acetate (10x stoichiometric levels). Individual
replicates of each triplicate are shown.
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In the 1x Newman Zone amended incubations, VC was completely
reduced to ethene in all (Figure 22); ethane was detected in only one replicated
(Figure 22.A); and the pH ranged from 6.06 to 7.19 (Table 12). In the 5x Newman
Zone amended incubations, VC was completely reduced to ethene in two
replicates (Figure 23.A; Figure 23.C); VC was only partially reduced to ethene in
one replicate (Figure 23.B); ethane was detected in only one replicate (Figure
23.A); and the pH ranged from 6.10 to 6.77 (Table 12). In the 10x Newman Zone
amended incubations, VC was completely reduced to ethene and ethane (Figure
24) and the pH ranged from 6.08 to 7.07 (Table 12).
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Figure 22: VC, ethene, ethane, and methane in batch incubations of sediment
stream material amended with VC+ Newman Zone without sodium lactate (1x
stoichiometric levels). Individual replicates of each triplicate are shown.
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Figure 23 VC, ethene, ethane, and methane in batch incubations of sediment
stream material amended with VC+ Newman Zone without sodium lactate (5x
stoichiometric levels). Individual replicates of each triplicate are shown.
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Figure 24: VC, ethene, ethane, and methane in batch incubations of sediment
stream material amended with VC+ Newman Zone without sodium lactate (10x
stoichiometric levels). Individual replicates of each triplicate are shown.
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In the 1x EOS 598B42 amended incubations, VC was completely reduced
to ethene in all replicates (Figure 25); ethane was detected in two replicates
(Figure 25.B; Figure 25.C); and the pH ranged from 5.95 to 7.00 (Table 12), In
the 5x EOS 598B42 amended incubations, VC was completely reduced to
ethene in two replicates (Figure 26.A; Figure 26.B); ethane was detected in two
replicates (Figure 26.B; Figure 26.C); and the pH ranged from 6.10 to 6.77 (Table
12). In the 10x EOS 598B42 amended incubations, VC was completely reduced
to ethene (Figure 27); ethane was detected in in two replicates (Figure 27.B;
Figure 27.C); and the pH ranged from 6.08 to 7.07 (Table 12).

82

Figure 25: VC, ethene, ethane, and methane in batch incubations of sediment
stream material amended with VC+ EOS 598B42 (1x stoichiometric levels).
Individual replicates of each triplicate are shown.
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Figure 26: VC, ethene, ethane, and methane in batch incubations of sediment
stream material amended with VC+ EOS 598B42 (5x stoichiometric levels).
Individual replicates of each triplicate are shown.
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Figure 27: VC, ethene, ethane, and methane in batch incubations of sediment
stream material amended with VC+ EOS 598B42 (10x stoichiometric levels).
Individual replicates of each triplicate are shown.
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In the 1x CAP 18 ME amended incubations, VC was reduced to ethene
and ethane (Figure 28) and the pH ranged from 5.96 to 6.75 (Table 12). In the 5x
CAP 18 ME amended incubations, VC was reduced to ethene and ethane
(Figure 29) and the pH ranged from 5.92 to 6.62 (Table 12). In the 10x CAP 18
ME amended incubations, VC was completely reduced to ethene and ethane
(Figure 30) and the pH ranged from 6.70 to 7.21 (Table 12).
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Figure 28: VC, ethene, ethane, and methane in batch incubations of sediment
stream material amended with VC+ CAP 18 ME (1x stoichiometric levels).
Individual replicates of each triplicate are shown.
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Figure 29: VC, ethene, ethane, and methane in batch incubations of sediment
stream material amended with VC+ CAP 18 ME (5x stoichiometric levels).
Individual replicates of each triplicate are shown.
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Figure 30: VC, ethene, ethane, and methane in batch incubations of sediment
stream material amended with TCE+ CAP 18 ME (10x stoichiometric levels).
Individual replicates of each triplicate are shown.
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Table 12: pH of Easley, SC, Dechlorination Sediment Batch Study with VC as
the Parent Compound on day 88
Treatment
Kill Control
Un-amended
1x Acetate
5x Acetate

10x Acetate

1x Newman Zone
5x Newman Zone
10x Newman Zone

Type

pH

A
B
C
A
B
C
A
B
C
A
B
C

6.76
6.87
6.78
6.14
6.06
6.66
6.62
5.91
6.05
7.05
6.12
6.23

A
B
C
A
B
C
A
B
C
A
B
C

6.09
7.3
7.35
7.19
6.06
7.14
6.72
6.1
6.77
6.08
7.07
6.3

Treatment
1x EOS 598B42
5x EOS 598B42
10x EOS 598B42
1x CAP 18 ME
5x CAP 18 ME

10x CAP 18 ME

90

Type

pH

A
B
C
A
B
C
A
B
C
A
B
C

7
6.18
5.95
6.01
7.1
5.98
6.01
6.32
6.11
6.75
5.97
5.96

A
B
C
A
B
C

5.92
6.62
5.95
7.01
5.95
6.08

Table 13: Time to reach peak ethene in batch incubations of sediment stream
material.
Days to peak ethene
Treatment

A

B

C

Un-amended
1x acetate
5x acetate
10x acetate
1x Newman Zone
5x Newman Zone
10x Newman Zone
1x EOS 598B42
5x EOS 598B42
10x EOS 598B42
1x CAP 18 ME
5x CAP 18 ME
10x CAP 18 ME

135
46
54
163
46
73
73
31
135
135
54
163
24

54
163
94
54
135
163
46
80
31
54
101
80
86

54
80
80
54
31
54
135
86
163
163
86
73
80

Ave Stdev
81
96
76
90
71
97
85
66
110
117
80
105
63

47
60
20
63
56
58
46
30
70
57
24
50
34

ANOVA indicated there was no statistically significant difference (p=0.97)
between the treatment for time to reach peak ethene.
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Table 14: Time till complete removal of TCE in batch incubations of sediment
stream material.
Days till complete removal of VC
Treatment

A

B

C

Un-amended
1x acetate
5x acetate
10x acetate
1x Newman Zone
5x Newman Zone
10x Newman Zone
1x EOS 598B42
5x EOS 598B42
10x EOS 598B42
1x CAP 18 ME
5x CAP 18 ME
10x CAP 18 ME

101
46
46
163
31
54
73
31
135
135
46
163
31

73
163
73
31
135
163
24
80
24
46
101
80
94

46
80
73
31
24
46
135
80
163
163
80
73
73

Ave Stdev
73
96
64
75
63
88
77
64
107
115
76
105
66

28
60
16
76
62
65
56
28
74
61
28
50
32

ANOVA indicated there was no statistically significant difference (p=0.97)
between the treatment for time it took to completely remove TCE. This data
indicates that
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Table 15: Amount of methane accumulation in batch incubations of sediment
stream material.
Treatment

Peak Methane Detected
(µmols)

Day of Peak Methane
Production

No amend 4
No amend 5
No amend 6
1 x Acetate 7
1 x acetate 8
1 x acetate 9
5 x acetate 10
5 x acetate 11

112.27
260.58
197.47
205.23
48.76
348.55
193.82
407.47

156
150
150
135
135
156
135
144

5 x acetate 12
10 x acetate 13
10 x acetate 14

273.34
71.03
209.91

144
135
101

10 x acetate 15

234.32

94

1 x RNAS Newman zone 16

245.67

135

1 x RNAS Newman zone 17

40.24

80

1 x RNAS Newman zone 18

139.62

107

5 x RNAS Newman zone 19

185.34

107

5 x RNAS Newman zone 20

166.42

107

5 x RNAS Newman zone 21

195.99

135

10 x RNAS Newman zone 22

182.87

156

10 x RNAS Newman zone 23

189.6

86

10 x RNAS Newman zone 24

55.47

163

1xEOS 598B42 25

149.33

107

1xEOS 598B42 26

254.4

135

1xEOS 598B42 27

216.34

163

5xEOS 598B42 28

41.76

163

5xEOS 598B42 29

207.52

135

5xEOS 598B42 30

46.87

135

10xEOS 598B42 31

32.58

107

10xEOS 598B42 32

150.67

163

10xEOS 598B42 33

105.5

73

1xCAP18ME 34

175.5

135

1xCAP18ME35

150.94

163

1xCAP18ME 36

230.29

163

5xCAP18ME 37

51.54

86

5xCAP18ME 38

180.18

135

5xCAP18ME 39

337.18

163

10xCAP18ME 40

163.03

135

10xCAP18ME 41

263.5

163

10xCAP18ME 42

256.41

163
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Table 13 indicates that the amount of methane that accumulated
appeared to vary amongst the different treatments.

4.3 Fe(III) Speciation and Electron Shuttle Sediment Batch Experiments
As explained in Section 3.4, the experiment to determine how different
Fe(III) species influence complete dechlorination and to assess the capacity for
Fe(III) mediated VC oxidation was conducted with sediment batch experiments
where VC was the parent compound. Results for the Fe(III) Speciation and
Electron Shuttle Sediment Batch Experiments with VC as the parent compound
are presented.
VC was completely reduced to ethene in all treatments, except for the 5
mM AQDS treatments. VC was completely reduced to ethene in the first 50 days
of incubations in the un-amended control series (Figure 31). VC was reduced to
ethene in the first 120 days in the 10 mM ferrihydrite-amended incubations
(Figure 32). VC was re-spiked three additional times, and was depleted much
more quickly with each additional re-spike. VC was reduced completely to ethene
in the 10 mM ferrihydrite + 500 µM AQDS amended incubations in about the first
150 days (Figure 33). VC was partially reduced ethene in incubations with 5 mM
AQDS, but VC was still the primary contaminant in all amendments (Figure 34).
VC was reduced completely in the incubation amended with 10 mM Fe(III)-NTA
in about 120 days(Figure 35). In the autoclave controls, VC was the only analyte
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detected in the sterile control incubations (Figure 36). Methane accumulated in
all incubations, but to varying amounts.
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Figure 31: VC, ethene, ethane, CH4 concentrations in batch incubations of
stream bed sediment amended with un-amended control (VC only). Individual
replicates of each duplicate shown.
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Figure 32: VC, ethene, ethane, CH4 concentrations in batch incubations of
stream bed sediment amended with VC and 10mM ferrihydrite. Individual
replicates of each triplicate shown.
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Figure 33: VC, ethene, ethane, CH4 concentrations in batch incubations of
stream bed sediment amended with VC, 10 mM ferrihydrite and 500 uM AQDS.
Individual replicates of each triplicate shown.
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Figure 34: VC, ethene, ethane, CH4 concentrations in batch incubations of
stream bed sediment amended with VC and 5mM AQDS. Individual replicates of
each triplicate shown.
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Figure 35: VC, ethene, ethane, CH4 concentrations in batch incubations of
stream bed sediment amended with VC and 10 mM Fe(III)-NTA. Individual
replicates of each triplicate shown.
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Figure 36: VC concentrations in autoclave controls. Individual replicates of each
duplicate shown.
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CHAPTER 5: DISCUSSION

5.1 High Versus Low Electron Donor Concentration for Dechlorination in
Aquifer Material
High concentrations of electron donor are typically added to remediation
sites with chlorinated organics to account for electron accepting processes that
may have not been identified in the original site characterization and to
compensate for competition for known electron donors (Wei and Finneran, 2013).
The result for the Easley, SC, dechlorination batch study suggest that the
addition of exogenous electron donor such as acetate or vegetable oil based
electron donors had no effect on the rate and extent of complete reductive
dechlorination. Both TCE and VC degradation rates, and ethene accumulation
rate and extent, were similar among almost all treatments when either TCE or VC
was added as the primary chlorinated solvent. This data refutes the hypothesis
that low electron donor concentrations were sufficient to promote complete
dechlorination under Fe(III)-reducing conditions, and that high electron donor
concentrations did not increase the rate or extent of complete dechlorination
when compared with low electron donor concentrations. In fact no addition of
electron donor was required.
In the St. Louis, MO, dechlorination batch study, no appreciable
transformation of VC or TCE was observed in any treatments within the first 25
days of incubation. This is different from the Easley, SC, dechlorination batch
study in which both TCE and VC were rapidly degraded. The Easley, SC, river
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sediment material is more active than the St. Louis, MO, material. It is possible
that the necessary microorganisms were not present or the material needed
more time to adapt. However, these data argue for measuring the organic carbon
content prior to treatment of a site. In those sites with a high organic carbon
content, natural attenuation may be the best course of action. In sites with a low
organic carbon content, similar to the St. Louis, MO material, adding electron
donor may not be enough. Bioaugmentation may need to be examined as a
possible course of action.
In the various acetate amendments, both TCE and VC reductions were
slightly inhibited by the presence of acetate; this is possibly due to the fact that
the pH decrease was dramatic. The pH data collected for the acetate
amendments for both the TCE and VC studies were below 6.5, which indicated
that pH inhibited complete dechlorination.
Methane production did not increase with increasing electron donor
concentration. The TCE and VC degrading incubations all had sporadic profiles
under both high and low electron donor concentrations regardless of treatment.
The lack of a consistent increase in methane production suggests that
methanogenesis and complete dechlorination were not linked. Previous studies
have correlated complete dechlorination to methanogenic conditions (Lee et al.,
1998). Other studies have demonstrated there may be no link between
methanogenesis and dechlorination; and the data generated for this study
suggests methane production was influenced by the electron donor concentration
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but methanogenesis did not increase the rate or extent of TCE or VC reduction
(Leahy and Shreve, 2000; Wei and Finneran, 2013).
Excess electron donor is often added to compensate for unknown electron
donor demand related to concentration changes in aqueous electron acceptors
like nitrate or for solid acceptors such as ferric Fe (Evans and Koenisgsberg,
2001; Gibson et al., 1994; Heimann et al., 2007; Leahy and Shreve, 2000; Wei
and Finneran, 2009; Wei and Finneran, 2013; Zaa et al., 2010). It may also be
added to deliver a target concentration along the entire plume. This data suggest
the alternative that excess methane production is not the result of the addition of
electron donor concentration and methane production may be a site specific
phenomenon.
The fact that the rate and extent of dechlorination and rate of methane
production varied regardless of treatment is likely due to a high organic carbon
content present in the sediment. The material for my study was obtained from a
creek bed, which was likely rich in organic carbon. Thus, substrate
concentrations were probably not limiting and there was no need to add an
extraneous substrate to the system. Several bottles had pH values below 6.5,
which resulted in a slower TCE and VC dechlorination rate and in some cases
may completely inhibit dechlorination (Zhuang and Pavolostathis, 1995). The pH
may have varied in these experiments due the accumulation of fermentation
products.
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Ethane also accumulated in several bottles regardless of treatment.
Although ethene is often monitored as the end product of reductive
dechlorination, these data suggest that ethane may also be a surrogate
parameter to show that reductive dechlorination is occurring in the field.
Therefore, both ethene and ethane need to be measured.
Although no studies were conducted using enrichment cultures amended
with VC as the parent compound and 2 mM acetate as the electron donor, these
data indicate that acetate may promote complete dechlorination. Acetate has
been cited as a poor electron donor for complete dechlorination (He et al., 2002;
Lee et al., 2007). Previous studies have suggested that acetate could promote
complete dechlorination, and this data further demonstrate that this is the case
(Wei and Finneran, 2011; Wei and Finneran, 2013). However, the pathway by
which hydrogen is generated during acetate oxidation, such that acetate can be
used directly for VC bioremediation strategies has not been identified yet.
The data demonstrates that low electron donor concentrations are just as
effective as high electron donor concentrations at promoting complete reductive
dechlorination and electron donor concentration had no effect on methane
production. Additionally, the data supports the use of acetate as sole electron
donor in the promotion of complete dechlorination of ethenes. The data
additionally argues for determining the feasibility of natural attenuation prior to
treatment. If a site has a high organic carbon content and there is a robust and
active dechlorination community present, it may not be necessary to add more
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carbon to the system to drive reductive dechlorination. This data may not apply
to every site contaminated with chlorinated ethenes, but the data argues for
determining if natural attenuation is occurring on site already.

5.2 Effect of Fe(III) Species on Complete VC Dechlorination
Fe(III)-reduction is a prevalent TEAP that influences the biotransformation
of chlorinated ethenes present in these systems (Corrnell and Schwertmann,
1996; Lovley, 2013). It has been suggested that Fe(III) reduction is inhibitory to
reductive dechlorination because Fe(III) outcompetes dechlorinators for electron
donors (Bennett et al., 2007; Cupples et al., 2004, Lovley, 2013; Zaa et al., 2009;
Lu et al. 2009; Lu et al., 2001; McLean, 2006). Previous studies have also
suggested that Fe(III) reduction is not inhibitory to complete dechlorination, and
data presented here suggest that concentrations of Fe(III) is not inhibitory to
complete dechlorination, but Fe(III) species may affect daughter product
distribution (Wei and Finneran, 2011).
Previous studies have shown that TCE reduction was accelerated in the
presence of AQDS (100 uM) (Paul et al., 2013; Zhang et al., 2011). However, the
data suggests that AQDS was actually slightly inhibitory to VC reduction.
However, the concentration of AQDS used (5 mM) may have been toxic to the
cells.
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CHAPTER SIX: CONCLUSIONS AND RECOMMENDATIONS

In sedimentary aquifer systems, Fe(III) reduction is a prevalent TEAP that
will influence the biotransformation of chlorinated ethenes present in these
systems, but its influence on biotransformation of chlorinated contaminants is not
entirely understood. This research investigated the biodegradation of TCE and
VC in sediment microcosms in soils where Fe(III) reduction was the predominant
TEAP. Information has been obtained on how the presence of Fe(III) affects the
rate and extent of reductive dechlorination. Information was also obtained on how
electron donor concentration affects the rate and extent of complete
dechlorination and its effect on methanogenesis. The following conclusions and
implications can be made from the results:
1. Little is understood about the effects of Fe(III) reduction on reductive
dechlorination of VC. The results from this study demonstrate that (1)
the presence Fe(III) is not inhibitory to complete reduction of VC; (2)
AQDS may be slightly inhibitory to VC reduction in sediments where
Fe(III) is the dominant TEAP.
2. Incomplete reductive dechlorination is thought to occur due to a lack of
available electron donor, and the addition of high concentrations of
electron donors that ferment to hydrogen (e.g. vegetable oil) have
proven to be effective at stimulating reductive dechlorination (Wei and
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Finneran, 2013). The results of the thesis indicate that (1) low electron
donor concentrations were just as effective as high electron donor
concentrations at promoting complete reductive dechlorination of TCE
and VC; (2) methanogenesis and complete dechlorination were not
linked; (3) electron donor concentration had no effect on methane
production; (4) acetate can serve as sole electron donor to promote
reductive dechlorination; (5) ethane is another surrogate parameter for
determining if complete reductive dechlorination is occurring.
In summary, biotransformation of chlorinated ethenes in aquifer systems is
greatly influenced by the redox conditions, such as Fe(III) reducing conditions.
The data generated here show that the amount of electron donor amended prior
to stimulation of reductive dechlorination should be evaluated. In locations with a
high organic carbon content (e.g. high concentration of electron donor) and an
active dechlorinating population, the addition of additional substrate may not be
necessary. This will not be the case at every site, but low concentrations of
electron donor should be considered prior to the addition of more substrate.
Some future work that can be done based on the findings of this research
include:
1. To develop highly enriched anaerobic VC dechlorinating cultures or
pure cultures for identifying what microorganisms are responsible for
anaerobic VC dechlorination under Fe(III)-reducing conditions.
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2. To identify the pathway by which Fe(III)-reducing microorganisms

generate hydrogen from acetate to promote reductive dechlorination.
An enrichment culture should be develop that could reduce VC to
ethene with acetate as the sole electron donor. It is unclear if hydrogen
is being generated in any of these cultures.
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APPENDIX A: ST. LOUIS, MO, DECHLORINATION BATCH STUDY WITH VC
or TCE AS THE TEA USING ACETATE, LACTATE, RNAS NEWMAN ZONE,
EOS598B42, AND CAP18ME AS ELECTRON DONORS.
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St. Louis, MO Sediment Batch Study Setup
The St. Louis, MO, Dechlorination Sediment Batch Study prepared was
identical in design and execution to the Easley, SC, Dechlorination Sediment
Batch Study except that a different soil was used, lactate was also tested as an
electron donor, and 160 mL serum bottles were used. The slurries were prepared
by placing 30 g of sediment and 30 mL of water into sterile 160 mL serum
bottles. Stock solutions used for the Easley, SC, Dechlorination Batch Study
were in the St. Louis, MO, Sediment Batch Study to amend the bottles, except a
9.01 mg/mL stock solution of lactate was made using the same techniques
described in Section 3.2. Neat TCE was added to the bottles. VC was added as a
gas using a 1.0 mL Pressure-Lok® gas syringe. For these two series, only two
electron donor strategies were applied: stoichiometric and 10x stoichiometric (as
defined in Section 3.2).
The amounts of each compound added for the batch with TCE as the
parent compound are shown in Table E.1. The amounts of each compound
added for the batch with VC as the parent compound are shown in Table F.1.
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Table

A.1: Experimental Matrix for St. Louis, MO, Batch Study with TCE as the Parent Compound
TEA

Treatment
Killed
No amend
1 x Acetate
10 x Acetate
1 x Lactate
10 x Lactate
1 x "RNAS Newman
Zone"
10 x"RNAS Newman
Zone"
1 x "EOS Concentrate
598B42"
10 x "EOS Concentrate
598B42"
1 x "CAP 18 ME"
10 x "CAP 18 ME"

Electron Donor

Amount TCE
(µmol/bottle)

VTCE,liq
(µL)

H2 produced from Electron
Donor (µmols)

Amount
Substrate (mg)

Amount
Substrate (µL)

33
33
33
33
33
33

3.0
3.0
3.0
3.0
3.0
3.0

0
0
99
990
99
990

0
0
1.46
14.62
1.49
14.86

0
0
165
1652
165
1650

33

3.0

99

3.78

76

33

3.0

990

37.79

756

33

3.0

99

0.80

167

33

3.0

990

8.00

1666

33
33

3.0
3.0

99
990

1.94
19.41

42
422
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Table A.2: Experimental Matrix for St. Louis, MO, Batch Study with VC as the Parent Compound
TEA
Treatment
Killed
No amend
1 x Acetate
10 x Acetate
1 x Lactate
10 x Lactate
1 x "RNAS Newman Zone"
10 x"RNAS Newman Zone"
1 x "EOS Concentrate
598B42"
10 x "EOS Concentrate
598B42"
1 x "CAP 18 ME"
10 x "CAP 18 ME"

Electron Donor

Amount VC
(µmol/bottle)

VVC,gas (mL)

H2 produced from Electron
Donor (µmols)

Amount
Substrate (mg)

Amount
Substrate (mL)

33
33
33
33
33
33
33
33

0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79

0
0
33
330
33
330
33
330

0
0
0.50
4.95
0.50
4.95
1.26
12.60

0
0
56
560
55
550
25
252

33

0.79

33

0.27

56

33

0.79

330

2.67

555

33
33

0.79
0.79

33
330

0.65
6.47

14
141
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St. Louis, MO, Sediment Batch Study Results
As explained in Section 3.4, the experiment to determine the influence of
electron donor concentration (10x necessary electron donor versus 1x
stoichiometric electron donor) on reductive dechlorination of chlorinated ethenes
was conducted with two sediment batch experiments where TCE was the parent
compound and VC was the parent compound. Results for the St. Louis, MO,
dechlorination sediment batch study with TCE as the parent compound are
presented first, followed by results for the St. Louis, MO, dechlorination sediment
batch study with VC as the parent compound.

St Louis, MO, Dechlorination Sediment Batch Study with TCE as the Parent
Compound
The results presented are incomplete. These data will be combined with
figures generated by Chris Hotzel of Clemson University to formulate conclusions
on the effects of electron donor concentration on the rate and extent of reductive
dechlorination under Fe(III)-reducing conditions. This work is still in progress, but
figures are shown below.
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Figure A.1: TCE and cis-DCE concentrations in autoclave controls. Each replicate of the
triplicate incubations are shown.
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Figure A.2: TCE and cis-DCE concentrations in batch incubation of TCE-contaminated
aquifer material with no amendments (TCE only). Each replicate of the triplicate
incubations are shown.
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Figure A.3: TCE and cis-DCE concentrations in batch incubation of TCE-contaminated
aquifer material amended with TCE and acetate (stoichiometric levels). Each replicate
of the triplicate incubations are shown.
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Figure A.4: TCE and cis-DCE concentrations in batch incubation of TCE-contaminated
aquifer material amended with TCE and acetate (10 x stoichiometric levels). Each
replicate of the triplicate incubations are shown.
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Figure A.5: TCE and cis-DCE concentrations in batch incubation of TCE-contaminated
aquifer material amended with TCE and lactate (stoichiometric levels). Each replicate of
the triplicate incubations are shown.
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Figure A.6: TCE and cis-DCE concentrations in batch incubation of TCE-contaminated
aquifer material amended with TCE and lactate (10 x stoichiometric levels). Each
replicate of the triplicate incubations are shown.
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Figure A.7: TCE and cis-DCE concentrations in batch incubation of TCE-contaminated
aquifer material amended with TCE and RNAS Newman Zone without sodium lactate
(stoichiometric levels). Each replicate of the triplicate incubations are shown.
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Figure A.8: TCE and cis-DCE concentrations in batch incubation of TCE-contaminated
aquifer material amended with TCE and RNAS Newman Zone without sodium lactate
(10 x stoichiometric levels). Each replicate of the triplicate incubations are shown.
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Figure A.9: TCE and cis-DCE concentrations in batch incubation of TCE-contaminated
aquifer material amended with TCE and EOS 598B42 (stoichiometric levels). Each
replicate of the triplicate incubations are shown.
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Figure A.10: TCE and cis-DCE concentrations in batch incubation of TCE-contaminated
aquifer material amended with TCE and EOS 598B42 (10 x stoichiometric levels). Each
replicate of the triplicate incubations are shown.
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Figure A.11: TCE and cis-DCE concentrations in batch incubation of TCE-contaminated
aquifer material amended with TCE and CAP 18 ME (stoichiometric levels). Each
replicate of the triplicate incubations are shown.
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Figure A.12: TCE and cis-DCE concentrations in batch incubation of TCE-contaminated
aquifer material amended with TCE and CAP 18 ME (10 x stoichiometric levels). Each
replicate of the triplicate incubations are shown.
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Figure A.13: VC concentrations in batch incubation of TCE-contaminated aquifer
material kill control. Each replicate of the triplicate incubations are shown.
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Figure A.14: VC concentrations in batch incubation of TCE-contaminated aquifer
material un-amended control. Each replicate of the triplicate incubations are shown.
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Figure A.15: VC concentrations in batch incubation of TCE-contaminated aquifer
material with VC and acetate (stoichiometric levels). Each replicate of the triplicate
incubations are shown.
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Figure A.16: VC concentrations in batch incubation of TCE-contaminated aquifer
material with VC and acetate (10 x stoichiometric levels). Each replicate of the triplicate
incubations are shown.
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Figure A.17: VC concentrations in batch incubation of TCE-contaminated aquifer
material with VC and lactate (stoichiometric levels). Each replicate of the triplicate
incubations are shown.
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Figure A.18: VC concentrations in batch incubation of TCE-contaminated aquifer
material with VC and lactate (10 x stoichiometric levels). Each replicate of the triplicate
incubations are shown.
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Figure A.19: VC concentrations in batch incubation of TCE-contaminated aquifer
material with VC and RNAS Newman Zone (stoichiometric levels). Each replicate of the
triplicate incubations are shown.
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Figure A.20: VC concentrations in batch incubation of TCE-contaminated aquifer
material with VC and RNAS Newman Zone (10 x stoichiometric levels). Each replicate
of the triplicate incubations are shown.
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Figure A.21: VC concentrations in batch incubation of TCE-contaminated aquifer
material with VC and EOS 598B42 (stoichiometric levels). Each replicate of the triplicate
incubations are shown.
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Figure A.22: VC concentrations in batch incubation of TCE-contaminated aquifer
material with VC and EOS598B42 (10 x stoichiometric levels). Each replicate of the
triplicate incubations are shown.
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Figure A.23: VC concentrations in batch incubation of TCE-contaminated aquifer
material with VC and CAP18ME (stoichiometric levels). Each replicate of the triplicate
incubations are shown.
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Figure A.24: VC concentrations in batch incubation of TCE-contaminated aquifer
material with VC and CAP18ME (10 x stoichiometric levels). Each replicate of the
triplicate incubations are shown.
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APPENDIX B: DECHLORINATION ENRICHMENT CULTURES WITH TCE OR VC AS
TEA AND ACETATE AS AN ELECTRON DONOR
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Easley, SC, Dechlorination Enrichment Culture Development
The growth medium used for the enrichment of cultures capable of dechlorinating
TCE, cis-DCE, and VC is a defined freshwater medium that has previously been
described (Lovley et al., 1993; Wei and Finneran, 2009). The medium contains: 2.5 g/L
NaHCO3; 0.25 g/L NH4Cl; 0.6 g/L NaH2PO4∙H2O; 0.1 g/L HCl; 10 mL/L modified Wolfe’s
vitamin and mineral mixtures and 1 mL/L of 1 mM Na2SeO4. The final concentration per
liter of vitamins in the freshwater medium was: 20 µg biotin, 20 µg folic acid, 100 µg
pyridoxine HCl, 50 µg riboflavin, 50 µg thiamine, 50 µg nictinic acid, 50 µg pantothenic,
1 µg B-12, 50 µg nicotinic acid, 50 µg panothetic, 1 µg B-12, 50 µg p-aminobenzoic
acid, 50 µg thioctic acid. The final mineral concentrations were: 15 mg nitrolotriacetic
acid (NTA), 30 mg MgSO4, 5 mg MnSO4∙H2O, 10 mg NaCl, 1 mg FeSO4∙7H2O, 1 mg
CaCl2∙2H2O, 1 mg CoCl2∙6 H2O, 1.3 mg ZnCl2, 100 µg CuSO4∙5H2O, 100 µg
AIK(SO4)2∙12 H2O, 100 µg CuSO4∙5H2O, 100 µg H3BO3, 250 µg Na2MoO4, 240 µg
NiCl∙6H2O, 250 µg Na2WO4∙2H2O and 189 µg Na2SeO4. The final pH of the medium
was 6.8-7.0 buffered by 80:10 HCO3-:CO2.
Prior to preparing liquid enrichments, one liter of freshwater medium (media
recipes found in Appendix I) was prepared. Nine mL or 100 mL of freshwater media
was dispensed into 26 mL anoxic pressure tube or 160 mL anoxic serum bottles,
respectively, and then flushed with anoxic N2/CO2 (80:20) at a rate of 40 min/L, which
had passed through a heated reduced copper filled glass to remove trace oxygen (Wei
and Finneran, 2009). The medium tubes were sealed with thick, blue, butyl rubber
stoppers and crimped with aluminum caps, and then sterilized by autoclave at 121oC for
20 min.
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Liquid enrichment cultures were developed using anoxic techniques (Finneran et al.,
2002). Sediments from a TCE contaminated aquifer were homogenized in an anoxic
glovebag filled with N2 and the approximately 1 g of sediment was distributed into each
anaerobic pressure tube containing defined freshwater media. The tubes were resealed
and were then flushed with N2/CO2 (80:20). One treatment was applied: VC or TCE +
acetate (2 mM). TCE was added to its respective incubations from a water saturated
solution. VC was initially added to its respective incubations as described in section 3.2.
A 50 mM stock solution of acetate was prepared. The amounts of each compound
initially added to each enrichment culture are shown in Table G.1. The enrichment
cultures were incubated at 30oC in the dark without shaking. Cultures were transferred
to fresh media once TCE or VC was depleted three times. Liquid culture enrichments
were transferred until no visible solids remained.
Table B.1: Experimental Matrix for VC Dechlorinating Enrichment Cultures
VC

TCE

Acetate

Treatment

VC
(µmol/bottle)

V
(mL)

TCE
(µmol/bottle)

V
(mL)

Acetate
(mM)

V
(mL)

TCE + Acetate
VC+ Acetate

0
10

0
0.24

10
0

1.23
0

2
2

00.40
0.40
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Figure B.1. VC, ethene, and CH4 concentration in enrichment culture DC-1 amended
with VC and 2 mM acetate as the sole electron donor. Arrows indicate each re-addition
of VC. Measurements of VC after re-additions varied due to equipment issues or waiting
for equilibrium to be reached.

143

Figure B.2: VC, ethene, and CH4 concentration in enrichment culture DC-2 amended
with VC and 2 mM acetate as the sole electron donor. Arrows indicate each re-addition
of VC. Measurements of VC after re-additions varied due to equipment issues or waiting
for equilibrium to be reached.
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Figure B.3: VC, ethene, and CH4 concentration in enrichment culture DC-3 amended
with VC and 2 mM acetate as the sole electron donor. Arrows indicate each re-addition
of VC. Measurements of VC after re-additions varied due to equipment issues or waiting
for equilibrium to be reached.
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Figure B.4: VC, ethene, and CH4 concentration in enrichment culture amended DC-2-T1
transfer #1 with VC and 2 mM acetate as the sole electron donor. Arrows indicate each
re-addition of VC. Measurements of VC after re-additions varied due to equipment
issues or waiting for equilibrium to be reached.
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Figure B.5: VC, ethene, and CH4 concentration in enrichment culture amended DC-3-T1
transfer #1 with VC and 2 mM acetate as the sole electron donor. Arrows indicate each
re-addition of VC. Measurements of VC after re-additions varied due to equipment
issues or waiting for equilibrium to be reached.
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Figure B.6: VC, ethene, and CH4 concentration in enrichment culture amended DC-5
with VC and 2 mM acetate as the sole electron donor. Arrows indicate each re-addition
of VC. Measurements of VC after re-additions varied due to equipment issues or waiting
for equilibrium to be reached.
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Figure B.7: VC, ethene, and CH4 concentration in enrichment culture DC-7 amended
with VC and 2 mM acetate as the sole electron donor. Arrows indicate each re-addition
of VC. Measurements of VC after re-additions varied due to equipment issues or waiting
for equilibrium to be reached.
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Figure B.8: VC, ethene, and CH4 concentration in enrichment culture DC-8 amended
with VC and 2 mM acetate as the sole electron donor. Arrows indicate each re-addition
of VC. Measurements of VC after re-additions varied due to equipment issues or waiting
for equilibrium to be reached.
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Figure B.9: VC, ethene, and CH4 concentration in enrichment culture DC-9 amended
with VC and 2 mM acetate as the sole electron donor. Arrows indicate each re-addition
of VC. Measurements of VC after re-additions varied due to equipment issues or waiting
for equilibrium to be reached.
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Figure B.10: VC, ethene, and CH4 concentration in enrichment culture DC-10 amended
with VC and 2 mM acetate as the sole electron donor. Arrows indicate each re-addition
of VC. Measurements of VC after re-additions varied due to equipment issues or waiting
for equilibrium to be reached.
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Figure B.11: VC, ethene, and CH4 concentration in enrichment culture DC-3-T2 transfer
#2 amended with VC and 2 mM acetate as the sole electron donor. Arrows indicate
each re-addition of VC. Measurement of VC after re-addition varied due to equipment
issues or waiting for equilibrium to be reached.
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Figure B.12: VC, ethene, and CH4 concentration in enrichment culture DC-1-T1 transfer
#1 amended with VC and 2 mM acetate as the sole electron donor. Arrows indicate
each re-addition of VC. Measurement of VC after re-addition varied due to equipment
issues or waiting for equilibrium to be reached.
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Figure B.13: VC, ethene, and CH4 concentration in enrichment culture amended DC-2T1 transfer #1 with VC and 2 mM acetate as the sole electron donor. Arrows indicate
each re-addition of VC. Measurement of VC after re-addition varied due to equipment
issues or waiting for equilibrium to be reached.
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Figure B.14: VC, ethene, and CH4 concentration in enrichment culture DC-2-T1A
transfer #1 amended with VC and 2 mM acetate as the sole electron donor. Arrows
indicate each re-addition of VC. Measurement of VC after re-addition varied due to
equipment issues or waiting for equilibrium to be reached.
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Figure B.15: VC, ethene, and CH4 concentration in enrichment culture DC-3-T1A
transfer #1 amended with VC and 2 mM acetate as the sole electron donor. Arrows
indicate each re-addition of VC. Measurement of VC after re-addition varied due to
equipment issues or waiting for equilibrium to be reached.
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Figure B.16: VC, ethene, and CH4 concentration in enrichment culture DC-5-T1 transfer
#1 amended with VC and 2 mM acetate as the sole electron donor. Arrows indicate
each re-addition of VC. Measurement of VC after re-addition varied due to equipment
issues or waiting for equilibrium to be reached.

158

Figure B.17: VC, ethene, and CH4 concentration in enrichment culture DC-7-T1 transfer
#1 amended with VC and 2 mM acetate as the sole electron donor. Arrows indicate
each re-addition of VC.
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Figure B.18: VC, ethene, and CH4 concentration in enrichment culture DC-8-T1 transfer
#1 amended with VC and 2 mM acetate as the sole electron donor. Arrows indicate
each re-addition of VC. Measurement of VC after re-addition varied due to equipment
issues or waiting for equilibrium to be reached.
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Figure B.19: VC, ethene, and CH4 concentration in enrichment culture DC-9-T1 transfer
#1 amended with VC and 2 mM acetate as the sole electron donor. Arrows indicate
each re-addition of VC. Measurement of VC after re-addition varied due to equipment
issues or waiting for equilibrium to be reached.
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Figure B.20: VC, ethene, and CH4 concentration in enrichment culture DC-10-T1
transfer #1 amended with VC and 2 mM acetate as the sole electron donor. Arrows
indicate each re-addition of VC. Measurement of VC after re-addition varied due to
equipment issues or waiting for equilibrium to be reached.
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APPENDIX C: DECHLORINATION ENRICHMENT CULTURE WITH VC AS THE TEA
IN THE PRESENCE OF Fe(III) and AQDS.
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Easley, SC, Fe(III) Speciation and Electron Shuttle Enrichment Culture
Development
The Easley, SC, Fe(III) speciation and electron shuttle enrichment culture
development was identical in design and execution to Easley, SC, dechlorination
enrichment culture development except the applied treatments were different. Four
treatments were applied: (1) cis-DCE or VC + ferrihydrite (10 mM); (2) cis-DCE or VC +
Fe(III)-NTA (10 mM); (3) cis-DCE or VC + ferrihydrite (10 mM) + AQDS (500 µM); and
(4) cis-DCE or VC + 5 mM AQDS. These enrichments were performed in triplicate. VC
was initially added to the tubes as described in Section 3.2. The following stock
solutions were prepared: 100 mM Fe(III)-NTA, 590 mM ferrihyrite, and 20,000 µM
AQDS. The amounts of each compound initially added to each enrichment culture
when VC is the parent compound are shown in Table C.1. The amounts of each
compound initially added to each enrichment culture with cis-DCE as the parent
compound are shown in Table C.2. The enrichment cultures were incubated at 37oC in
the dark without shaking. Cultures were transferred to fresh media once TCE or VC was
depleted three times. Liquid culture enrichments were transferred until no visible solids
remained.
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Table C.1: Experimental Matrix for VC Dechlorinating Enrichment Cultures
VC
Treatment
VC +
Ferrihydrite
VC+
Ferrihydrite+
AQDS
VC + AQDS
VC +Fe(III)NTA

Ferrihydrite

Fe(III)-NTA

AQDS

VC
(µmol/bottle)

V
(mL)

Ferrihydrite
(mM)

V
(mL)

Fe(III)-NTA
(mM)

V
(mL)

AQDS
(µM)

V
(mL)

10

0.24

10

0.17

0

0.00

0

0

10
10

0.24
0.24

10
0

0.17
0.00

0
0

0.00
0.00

500
5000

0.25
2.5

10

0.24

0

0.00

10

1.00

0

0

Table C.2: Experimental Matrix for cis-DCE Dechlorinating Enrichment Cultures
cis-DCE

Treatment
VC +
Ferrihydrite
VC+
Ferrihydrite+
AQDS
VC + AQDS
VC +Fe(III)NTA

Ferrihydrite

Fe(III)-NTA

AQDS

Amount cis-DCE
(µmol/bottle)

V
(µL)

Ferrihydrite
(mM)

V
(mL)

Fe- (III)NTA
(mM)

V
(mL)

AQDS
(µM)

V
(mL)

10

277

10

0.17

0

0.00

0

0

10
10

277
277

10
0

0.17
0.00

0
0

0.00
0.00

500
5000

0.25
2.5

10

277

0

0.00

10

1.00

0

0

4.6 Easley, SC, Fe(III) Speciation and Electron Shuttle Enrichment Culture
Development
The results presented are incomplete. These data will be combined with figures
generated by Chris Hotzel of Clemson University to formulate conclusions on the effects
of electron donor concentration the rate and extent of reductive dechlorination. This
work is still in progress, but figures are shown below.
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Figure C.1: VC, ethene, CH4 concentration in enrichment culture VC-E-1-1 amended
with VC and 10mM ferrihydrite. Arrows indicate each re-addition of VC. Measurements
of VC after re-additions varied due to equipment issues or waiting for equilibrium to be
reached.
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Figure C.2: VC, ethene, CH4 concentration in enrichment culture VC-E-2-1 amended
with VC, 10 mM ferrihydrite and 500 µM AQDS. Arrows indicate each re-addition of VC.
Measurements of VC after re-additions varied due to equipment issues or waiting for
equilibrium to be reached.
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Figure C.3: VC, ethene, CH4 concentration in enrichment culture VC-E-3-1 amended
with 5mM AQDS.
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Figure C.4: VC, ethene, CH4 concentration in enrichment culture VC-E-4-1 amended
with 10mM Fe(III)-NTA. Arrows indicate each re-addition of VC. Measurements of VC
after re-additions varied due to equipment issues or waiting for equilibrium to be
reached.
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Figure C.5: VC, ethene, CH4 concentration in enrichment culture VC-E-1-2 amended
with VC and 10 mM ferrihydrite. Arrows indicate each re-addition of VC. Measurements
of VC after re-additions varied due to equipment issues or waiting for equilibrium to be
reached.
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Figure C.6: VC, ethene, CH4 concentration in enrichment culture VC-E-2-2 amended
with VC, 10mM ferrihydrite and 500uM AQDS. Arrows indicate each re-addition of VC.
Measurement of VC after re-additions varied due to equipment issues or waiting for
equilibrium to be reached.
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Figure C.7: VC, ethene, CH4 concentration in enrichment culture VC-E-3-2 amended
with 5mM AQDS. Arrows indicate each re-addition of VC.
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Figure C.8: VC, ethene, CH4 concentration in enrichment culture VC-E-4-2 amended
with 10mM Fe(III)-NTA. Arrows indicate each re-addition of VC. Measurements of VC
after re-additions varied due to equipment issues or waiting for equilibrium to be
reached.
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Figure C.9: VC, ethene, CH4 concentration in enrichment culture VC-E-1-3 amended
with VC and 10mM ferrihydrite. Arrows indicate each re-addition of VC.

174

Figure C.10: VC, ethene, CH4 concentration in enrichment culture VC-E-2-3 amended
with VC, 10mM ferrihydrite and 500uM AQDS. Arrows indicate each re-addition of VC.
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Figure C.11: VC, ethene, CH4 concentration in enrichment culture VC-E-3-3 amended
with 5mM AQDS. Arrows indicate each re-addition of VC.

176

Figure C.12: VC, ethene, CH4 concentration in enrichment culture VC-E-4-3 amended
with 10mM Fe(III)-NTA. Arrows indicate each re-addition of VC.
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Figure C.13: cis-DCE, VC, ethene, and CH4 concentration in enrichment culture cDCEE-1 amended with cis-DCE and 10mM ferrihydrite.
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Figure C.14: cis-DCE, VC, ethene, and CH4 concentration in enrichment culture cDCEE-2 amended with cis-DCE, 10mM ferrihydrite and 500µM AQDS. Arrows indicate each
re-addition of cis-DCE. Measurements of VC after re-additions varied due to equipment
issues or waiting for equilibrium to be reached.
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Figure C.15: cis-DCE, VC, ethene, and CH4 concentration in enrichment culture cDCEE-3 amended with cis-DCE and 5mM AQDS. Arrows indicate each re-addition of cisDCE. Measurements of VC after re-additions varied due to equipment issues or waiting
for equilibrium to be reached.
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Figure C.16: cis-DCE, VC, ethene, and CH4 concentration in enrichment culture cDCEE-4 amended with cis-DCE and 10mM Fe(III)-NTA. Arrows indicate each re-addition of
cis-DCE. Measurements of VC after re-additions varied due to equipment issues or
waiting for equilibrium to be reached.
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